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PREFACE  TO  THE  FIRST  EDITION. 


The  present  "Text-book  of  Experimental  Physics,"  as  also  the 
"Lexicon  of  Physics"  (the  latter  now  out  of  print),  have 
;;rown  out  of  the  wTiter's  lectures.  The  Text-book  under- 
takes the  task  of  setting  forth  the  fundamental  teachings  of 
physics  in  the  light  of  the  present  state  of  knowledge,  in  such 
manner  as  to  be  generally  intelligible  and  without  extended 
use  of  mathematical  developments.  By  ]>roceeding  always, 
either  from  everyday  experiences,  or  from  exjieriments  easily 
performed,  facts  are  everywhere  placed  in  the  foreground  as 
the  unchanging  basis  of  knowledge.  The  main  text,  in  coarse 
j>rint,  forms  a  connected  body  of  principles,  for  whose  under- 
Htanding  only  the  most  elementary  mathematical  knowledge  is 
required,  thus  making  the  book  easily  accessible  to  beginners. 
The  subject-matter  has  been  so  arranged  that  an  understanding 
of  what  is  under  immediate  consideration  presupposes  nothing 
save  what  has  been  previously  discussed.  The  arrangement  of 
the  matter  corresponds,  therefore,  in  a  general  way,  to  the 
historical  order  of  development  of  the  science.  This  order  has 
been  preferred,  since,  in  the  writer's  opinion,  to  avoid  the  cir- 
cuitous paths  upon  which,  in  special  instances,  this  science  has 
advanced,  and  to  follow  the  historical  route  in  all  other  cases, 
is  still  the  most  profitable  course  to  pursue  in  the  development 
of  all  its  details.  Dates  liave  consequently  found  due  considera- 
tion throusrbout  the  book. 
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But,  to  the  eud  that  the  book  may  also  meet  the  needs  uf 
higher  schools  and  colleges,  as  well  as  the  initial  sta}>:es  of 
study,  paragraphs  in  fine  print  are  interspersed,  which  contain, 
in  closest  connection  with  the  main  text,  the  most  ini|Hirtant 
mathematical  developments  in  terse  and  simjde  form. 

Through  the  instrumentality  of  a  detaile<l  table  of  routeutis, 
of  a  registry  both  of  names  and  of  things  (Index),  care  has  been 
taken,  to  make  the  work  serre  the  purposes  of  a  coDTenJent 
reference-book. 

May  the  author's  wish,  that  the  book  may  be  serviceable  in 
teaching,  in  reviewing  the  subject,  and  in  self-inatmction  ti) 
the  widest  circle  of  readers,  be  fulfilled. 

THE  ArTHOR. 
HcMCH,  Feb.,  I89.S. 


PREFACE  Tf)  THE  SECOND  EDITION. 


Tnis  Seooiid  Editiuii  iil'  the  "Toxt-book  of  Ex|)erlni«ntal 
Physics"  (liffeis  but  little  from  the  first;  the  crhict"  (Uffereace 
being  in  the  purely  external  oircimisninw  of  the  introthiction 
into  it  of  the  soofilletl  n<?w  ("terman  orthography  now  taught  in 
nur  sch<M>U.  >Si)me  Hildi  tinns  for  th«  sake  of  {^ompleteneHB  have 
been  made,  in  (v>mplijuifo  with  wijihcw  oxprewwd  to  mo  by 
teachers  and  investigators,  for  vhose  snggestionB  1  am  ever 
grateful. 

It  would,  of  I'oiinte.  Iiavo  beou  impossible  to  comply  witli 
aU  mch  wishes.  It  has,  for  example,  been  a  source  of  8uri)ri3e 
to  some  that  Part  II..  entitled  "Solids."  follows  Part  I,  on 
*'  MoTlos  (Jleehanies),"  inasnineh  as  mechanics,  so  far  as  it  is 
treated  in  Part  I.,  refera  likewise  to  solid  iHjdieii.  Merhaniott, 
howcTer,  deals  not  with  real,  bnt  with  ifhal  bodic«^,  which  latter 
arc  regarded  as  perfectly  rigid,  while  real  bodies  suffer  (ihangi- 
of  fiirm  when  cximsod  to  the  at;liun  of  force.  This  essential 
distinction  is  particularly  eraphasizetl  in  Part  I.  by  the  oft- 
recnrring  word  "rigid,"  nnil  psiiepially  is  this  ilone  at  the 
beginninjf  of  Part  11.  The  captionH  *•  Sfotlon  "  and  "  Solids  " 
appear  to  me,  therefore,  wholly  jnstitlable  when  used  in  the 
order  1  have  followed.  They  corre^itond  in  a  general  way  to 
the  chapters  entitled  "  Mechanics  "  and  "  Theory  of  Elasticity  " 
iu  theoretical  physics. 

The  demand  that  a  tesLt-Imok  of  physics,  thoroughly  np  to 
dale,  should  necessarily  be^n  with  an  empiricd  table  of  the 
forms  vf  energy,  could  for  ubvium  reasons  not  be  coniplieil 
with  in  a  book  fur  beginners,  to  whom  even  tbo  idea  of  euerg}- 
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It  quite  unknown.  Its  obson-ftiiiv!  wonld,  indeed,  IwTe  ^impelled 
tbe  abaiidoiiment  of  the  ^adually  nsrending  (xpiinw  of  bit^torical 
deTelopineDt  which,  in  the  writet'ii  experience,  i»  tbe  *mc*i  way 
to  a  vivid  imderetanding  and  ntal  appre<?iatinn  of  present  attsin- 
itiBiit.  iVIoreover,  tiiis  re<{uireiiieiit  Is  uevertlielesM  snlMtaiilially 
Mtislied  io  far  as  could  l;e  done  without  t^urrendennf;  the  writer's 
(ifigiiuti  aim ;  fur  oven  ait  earlv  a-^  |)uragniph  19  (p.  2t)).  the 
idea  of  ('iierj^y,  in  ttn  all-em hratiiig  aiguifli-aiu'e.  U  iiitnxluced, 
while  in  the  sequel  it  is  reit<?roted  at  evpry  opportunity. 

^Vnotber  criticism  of  the  book,  that  the  hypothetical 
character  of  the  kinetiu  theory  is  not  set  forth  ^vith  sufUcieak 
etupbjisi:*.  is  justified  only  by  the  fact  that,  in^tcttd  of  the  word 
■■  hypottiesiii,"  tlie  Uemiau  words  "annaUme"  (assumption), 
'*vors1«llung"  (idea),  '■anschaminj'"  (view),  in  common  uao 
for  this  DOtiou  bare  been  employed. 

An  h  •;enoraI  thing,  pure  (ieruian  wor<U  have  \*vn>n.  employe*! 
ratlier  than  teehniral  expressions  from  foreign  umgnes.  c//. 
"wucht,"  uu)t«ad  of  "energy  of  motion,"  or  "kinetic  energy," 
a  word  which  immediately  coQTi:yii  tbo  idea  to  the  under- 
Htftnding  of  every  {ieriuiui.  In  place  of  "|H)tenttal"  anil 
"diftercnco  t>f  potential,"  the  word  "«pannnng"  (tousioni,  now 
generally  in  vogue  in  electrotechnics,  is  frequently  used,  in  tbe 
seuae  of  tbe  work  (»f  a  moss-unit  {6.g,  "  electriaclie  spanniing  " 
(electric  tcnsioQ)  =  work  per  imit  of  olwtrical  mas^).  What 
has  bei«tofore  been  u-stiaUy  understood  us  L-Ieclrir  tension 
I  have  called  electrostatic  prensure;  for  this  wi-L-alled  tension., 
is  «B8euti*Uy  a  ptessure,  i.e.  a  foree  («r  aujicrticiftl  ainit. 

Itfay  this  hook  in  its  uewicrm  beinatrnmenlal  in  pmmoting 
thf  );«nerBl  &im.s,  to  the  attainment  of  which  the  anthnr  ha» 
!*ought  to  be  helpful,  and  find  a  cordial  reireption  « ith  all  to 
whoee  service  it  m  dedi^rated. 
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MUMCB,  yillKF.  I  KM. 


PREFACE  TO  THE  THIRD  EDITION. 


This  new  edition  has  undergone  but  few  changes  upon  the 
preceding  edition,  and  these  few  have  been  made  in  compliance 
with  wishes  expressed  to  the  author.  Bontgen's  rays  have 
been  discussed  in  the  proper  place.  A  plate  showing  the 
sjjectra  of  the  sun,  and  of  several  of  the  elements,  has  been 
added,  for  which  the  author  is  indebted  to  the  publishers  of 
the  Herman  Edition. 

THE  AUTHOK. 
^[I'sicii,  March,  I89t). 


PREFACE  TO  THE   EXr.T.tS 


Wkile  atteotliiif;  the  lectures  on  EKjMjrimeiiUl  i'bysii-s  givuii 
by  i^rofeaeur  toii  [xtiiunol,  at  MuDi(;h,  during  the  winter 
semester  of  'y^-'Uii,  the  IrnnHtntor  l>e<-MniF  nc'itmintoil  with  the 
deer  and  complete  ex|io8it)uii  of  })riuci{)l«.s  cuiitaiuetl  in  the 
]>rMent  text'book.  The  autlidr  Iuih  |iurHueil  the  exitmineiitnl 
method  almost  exclusively,  throughout  the  portion  of  the  t«xt 
jriTen  in  i-iOAtM-  ].rint.  It  was  in  the  U-lief  that  u  fuller 
acquaiiitaace  with  tlit>  jKJssibilities  of  this  methtid  nf  imjiiirt- 
ing  instructiui),  when  in  the  bunds  of  o.  niu<.ter  uf  the  art.  would 
be  as  helpful  lo  other  teachers  of  science  as  it  hax  been  tv 
the  tran8!ftt/)r,  that  the  translatioii  of  this  work  was  uiulertakou. 
Thet^retical  Lvn^iilerations  have,  liowovor,  not  been  ignored. 
Puuf;rtt[ihs  in  fine  |iriiit^  containing  either  further  and  fuller 
iievel(i[in)eDt«  of  the  subject-rastter,  <ir  matheinatirAl  ilerivations 
of  principles  jiroveil  experimentally  in  the  paragraphs  thev 
follow,  have  been  inserted  iu  mum"  places.  The  Iwok  ie  thiw 
adapted  to  three  distinct  niien,  in  .Anim<-au  itrionte.  The  main 
bod)-  of  the  text  is  Ijelieved  to  he  suflicienlly  elementarj-  for 
pupiU  of  the  nigh  Schont  grade.  Add  tn  this  the  matter  in 
Kne  priitt.  and  the  book  \s  well  suited  ta  use  &s  a  toxl  in  colleges 
and  Bchixds  of  scionco.  A  full  index  of  topics  and  registry  of 
Dames  at  the  end  render  the  bonk  valuable  alao  tu  advanced 
Kindenta  for  reference  pur]Hises.  To  niake  the  work  more  readily 
available  for  reference  to  studenttc  in  astromjiity  and  applied 
matheiuuticK  was  not  the  least  reoKon  for  IransUting  it  into 
Eufflblt. 
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EXPERIMENTAL    PHYSICS. 


INTRODUCTION. 


1.  Phydoi — Natare  (Greek,  phygis)  is  the  term  used  to  denote 
the  sum  tota]  tif  everything  which  i*au  be  percreivvd  hj  the 
senecA.  Evorytbinfr  which  m-oupies  simile  and  act-s  upon  the 
)M!ii>!(-^,  ia  rolled  matter.  A  body  is  a.  delinite  purtlou  uf  spftoe. 
Ijllod  nith  matter.  Chauf;es  id  the  physical  world,  which, 
mth  the  uoiirse  ul'  time,  I)ei<(>iue  iwroepUble  tu  the  senses, 
Hfc  phenomena. 

The  word  "  physiiw,"  then,  renlly  Kignifies  "  Natural" 
Science,"  tir  the  "Teachiagu  of  Nature  "  in  general,  and  would 
fteem,  tberofuro,  frvm  its  uriginal  Mignifu^utitm,  t»  refer  to  all 
natural  phenomena.  In  early  timee.  the  word  physics  actually 
pueecssei)  thlit  etimprehuntiive  meaning.  The  great  mass  and 
variety  of  fyets^  with  the  pmgrtKM  of  time,  maile  it  desirable 
Ut  refer  those  organic  processes  which  constitnte  animal  and 
plant  life  to  a  special  group  of  sciences — the  biolopcai — and 
to  treat  the  rich  supply  of  phenomena,  which  depend  upon 
a  change  in  the  molecular  constitution  of  bodies,  in  the  inde- 
peodcnt  science  of  chnninry.  At  present,  u*e  understand  by 
phjfriea,  the  iwience  of  those  pbemimeua  in  which  neither  life 
nor  molpfular  obaufje  ia  essentially  iuvolve'l. 

Physics,  like  ihe  other  natural  sciences,  is  an  empirical,  or 
experimental  science,  proceeding  horn  individual  truths  of 
experieDce  obtained  by  observation  and  experiment  By  means 
of  ooDsistcnt  generalizatioUK,  it  f^th^rs  thoiie  truths  together 
under  a  common  point  of  view.  In  this  way  it  arrives  at  a  know> 
ledge  of  the  tan's  uf  nature,  each  of  which  expresses,  in  a  purely 

it 


EXPElilHESTAL  PHTSICS. 


empirical  manner,  the  connection  of  a  certain  group  uf  [theno- 
mena.  Thege  l»vrs,  then,  reveal  the  how  but  not  the  fAy  uf 
occorrences.  The  later  infjuiry  into  the  internal  connections 
of  phenomena  cannot  be  an8fferc<l  by  experience  atone.  This 
alisTvei:  Is  to  be  sought  in  the  pronmlgation  of  scientific  hyi>o- 
tbesee,  and  in  obaerving  whether  from  these  suppositions,  the 
phenomena  to  be  explained  are  logieatly  dedneillo.  If  all 
inferences  frum  au  hypothesis  are  in  accord  with  the  facts,  the 
aasiuned  cause  may  be  considered  as  possible,  and  it  becumea 
ever  more  highly  probable  the  more  facts  it  will  explain. 

According  to  the  mude  of  presenting  the  snbject,  we  dis- 
tinguish £zperitnental  I'hysics,  whi«h  takes  its  toaehinjfs 
directly  from  experience  and  illustrates  them  exiiertmentally 
(wliicli  bi  the  method  pimiued  in  the  present  work),  from 
'riiforetical  Pht/stct,  wliicb,  from  a  few  propositions  and  hyj»i>- 
theses  of  experience,  regarded  as  fundamental,  develops  its 
body  of  doctrines  by  mere  processes  of  thought,  and  Bfterwards 
proves  the  agreement  of  its  results  nnth  experience.  Inasmuch 
ait  the  latter  makes  use  of  matliomaticg  as  an  indispensable 
auxiliary  to  ittt  infereucifs,  it  is  aliio  called  htatlwmaitcal 
Phijsics. 

S.  Heaiure — TTnitt  of  Ueasure. — ^To  follow  accurately  the 
com>c'  of  plumtmiona,  it  is  neccssarj'  to  cumpare  the  magnitudes, 
such  an  bpace,  time.vtu.,  occurnug  in  them,  »ith  convuutiuuully 
eboeen  homogeneous  imits  of  moasuro.  This  process  is  called 
measurtmevt.  Space  measurements  are  espoi-iiJly  im|Mirtant, 
anil  these  are  all  reducible  finally  to  linear  measurements. 

The  meter  is  today  almost  universally  accepted  as  the 
unit-  of  length,  which,  acctmling  to  original  agreement,  is  the 
4(t,lHX),(J()0th  part  of  the  earth's  meridian.  Thi»  unit  of  length 
was  adopted  in  Franco  in  1791,  in  rosponae  to  the  ]»ropo6al 
of  nn  ncodomie  commission,  in  the  hope  of  obtaining  a  stundan! 
of  measure  directly  from  nature,  and,  consequently,  not  sabjccl 
to  the  nsiiul  vicissitudes  of  arbitrary  standarils.  lint  as  the 
measurements  of  the  meridian  then  made  were  shonn  later  to 
be  erroneous,  the  length  of  the  meter  derived  from  them, 
and  afterwards  legally  adopted,  ia  not  exactly  e(|ual  to  tUe 
40,000,000tb  port  of  the  meridian.    It  is  shorter  than  this  by 
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tM)8o8  of  a  millimeter.  The  original  purpose  of  securing  a 
utitnral  stau'lanl  woa,  therefore,  not  attained :  and  th«  legal 
meter  i&  still  au  arbitrary  standard,  wliioh,  in  I7!i!),  wa^  made 
of  platimim  by  comparisun  with  tho  dual  staiiUard  whii-'U  was 
deposited  ia  tbe  State  ArchivGH  of  Paris  sua  the  original  Kinoe 
j9,  however,  it  has  been  representoc!  by  a  notched  scale  com- 
of  an  alloy  of  platinum  and  iridium,  consisting  of  00  per 
c-ent.  platinum  aud  10  per  oent.  iridium,  of  the  liardness  of  st«oI. 
'Phis  seate  i»  depi^sited  and  kept  in  the  International  Bureau 
of  Weight.s  and  MeauiireH  in  Suvras,  near  Pariti,  a^  the  liiter- 
iintional  prototype  uf  the  meter.  The  true  leugth  of  the  jueti^r 
is  indit-nteil  by  the  distance  between  two  fine  lines  etched  iut<i 
its  surface  near  its  ends,  when  the  temperature  of  the  liar  J* 
that  of  melting  ice.  The  old  platinum  scale,  of  ret^tanguJur 
cross  section,  was  iwt  flexible,  because  too  thin.  'VNTieii  a  scale 
bends,  ita  eonvex  side  beeomos  somewhat  lon^ur  and  its  t-oncavo 
a  little  shorter;  consequently,  within  the  interior  of  the  scale 
there  mu-wt  be  a  layer  of  longitudinal  filaments 
neither  lengthened  nor  shortened  by  llexnre. 
They  conatitute  the  so-called  neutrcd  latfer. 
•'dt  the  cross-sectioo  of  the  new  scale,  the 
form  represented  full  size  in  Fi^.  1  was  chosen. 
In  it,  the  terminal  lines  were  etebed  iiptm  Ihn 
neutral  layer,  a  b,  which  is  exposed  as  the 
bottom  iif  thu  upper  groove  uf  the  scale.  Tbw 
form  of  sectiou  affords  the  additional  advan- 
tage, that  the  scale  is  better  protected  against  ftosiiro  Ihan 
is  the  cose  with  moat  other  furnis. 

The  meter  (m.)  is  divided  into  10  decinieter$  (dm.),  lOW 
eaitimtttrt  (cm.),  lUOO  millimeters  (mm.),  and  ih  congiei]ncntly 
ft  deebnal  standard.  The  thousandth  part  uf  a  millimeter  h 
called  a  micron  {ji).  A  length  of  l(KK)  m.  is  callel  a  kihmtier 
(km.),  and  serves  as  a  larger  tuiit  for  measuxiug  long  distanees. 
Tb«  most  important  standards  of  length,  some  foieigu  aiid 
ffime  not  ased  at  present,  are  given  below ; — 

|*rnMian,  or  1thin«  foot  -  3181)  miii. 

BkTCrknfoot  =  SSI-!*    „ 

SwiBi,  or  BAdwh  foot  =  300-4   .. 

FootofSweony  =283^    .. 


l~i> 
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AiwtriMi  fixrt  =  S16'I  rani. 

PirUtiii)  foot  =324-«    „ 

RngHKh  foot  =  S04-S    ,. 

OonnaD.  or  goograpbical  mile  =  7--120  km. 
English  niil3  =  1-GOil   „ 

Soa  mile  =  l'S&5   „ 

All  important  oiixiliaTy  to  precise  linear  measure meut  is 
the  vernier.  Tins  is  »  Hiuall  g:raduate<l  scale  (B,  Fig.  2), 
which  moves  along  a  larger  one  (AA)  and  makes  posaiblo 

the    messiiremeut    of    smaller 
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parts  tlian  oaii  l>o  read  directly 
from  the  priucipal  srale.  If, 
on  the  smaller  scale,  ne  divide 
a  8|*co  equal  to  nine  jiorta  <il' 
the  lar(*eT  into  ton  oqtial  purts, 
«aob  of  the  parts  will,  of  vourae,  equal  nine-tenthe  of  one 
divisioD  of  the  larj^er  siiale.  Tu  measure  a  length  to  the  zero 
of  the  vernier,  we  notice  which  graduation  f»f  the  veniiec  (in 
the  figure,  the  third)  must  nearly  coincides  nith  a  gradtiatiou 
of  the  acale ;  theu  the  next  graduatiou  but  one  of  the  verQiffi" 
is  displaced  by  one-tenth,  the  nost  by  two-tenths,  and  the  zero 
gratiiiatimi  by  three-tenths,  toward  the  next  following  gradua- 
tion of  the  Boale.  Wo  have  then  to  add  to  the  length  read 
off  in  whole  parts  of  the  graduated  scale  up  to  the  zero  of 
the  vemicT,  as  many  tenths  tm  there  are  units  iu  the  number 
indicating  the  graduatiun  of  the  vernier  which  coincides  with 
the  graduation  of  the  scale.  In  the  example  of  Fig.  2,  the 
readiiig  is,  therefore,  27,  3.  Thisin^nione  device  is  sometimes 
called  a  nomas,  after  ite  alleged  inventor,  Pedro  Nunez  {l.'>42). 
rta  more  UKual  name,  vi/mier,  eomeo  from  that  of  its  true  in- 
ventor, Pierre  Vernier  (1631). 

For  measuring  differences  of  altitude,  e,ff.  of  columns  of 

(luid,  the  cftthetometer  of  Dulong  and  Petit  (1818)  in  used. 

Jl'his  instrument  consists  of  a  vertii^al  Hcalc,  ulung  which  a 

le«c(i{)e,  free  to  turn  in  u  hnrizontal  plane  together  with  a 

"Veniier  rigidly  fixed  to  it,  may  W  raised  and  lowered.     The 

line  of  sight  of  the  telescope,  dot^rmincd  by  a  reticule,  may 

be  directed  toward  the  succcs^ve  vertical  graduations. 

The  superficial  unit  ia  the  square  meter  (sq.  m.  or  m^.), 


I 


ISTBODUCTION.  5 

i.e.  a  square  whose  side  is  one  meter  long.  A  square  meter 
contains  100  sq.  dm.  (dm'),  10,000  sq.  cm.  (cm»),  1,000,000 
sq.  mm.  (mm.*). 

The  cubic  meter  (cu.m.,  m.°)  is  the  unit  of  volume.  It  is  a 
cube,  each  of  whose  edges  is  1  m.  A  smaller  Tolometric  unit 
is  used  for  measuring  fluids ;  viz.  the  evhic  decimeter  (cu.dm., 
dm.*)  or  liter  (1.).  It  contains  1000  cvbic  centimeters  (cu.cm. 
cm."). 

Angular  measurements  are  reducible  to  measurements  of 
the  lengths  of  arcs.  The  angular  unit  is  the  degree  (°),  (.e.  the 
90th  part  of  a  right  angle.  The  degree  is  divided  into  60 
minutes  ('),  the  minute  into  60  seconds  (").  An  angle  may  also 
be  measured  by  means  of  the  length  of  the  arc  which,  as  a 
central  angle  in  a  circle  of  unit  radius,  it  intercepts  between 
its  sides.  The  unit  arc  corresponds  to  the  angle  57°'296,  and 
the  semi-circle  of  180°  corresponds  to  the  arc  whrae  length  is 
IT  =  3*1416  (known  as  Ludolph's  number). 

The  unit  of  time  in  physics  is  the  second  (sec.,  second  of 
time),  i.e.  the  86"400th  part  of  the  mean  solar  day — 60  seconds 
make  one  minute  ;  60  minutes,  one  hour ;  24  hours,  one  day. 

Other  units  and  instruments  for  measurement  will  be 
mentioned  later  in  their  proper  places. 


expf-rimbxtal  pnrsiCB. 


1.  MOTION, 

(jfECHANlCS.) 

3.  Motion  and  Rest-^A  body,  or  any  oue  of  its  jKimts,  is 
soi'l  to  t«  in  motion,  or  movin;^,  if,  in  the  course  of  time,  it 
*.'li8iipes  its  poaitiou  jti  sjiaco.  When  it  does  not  change  its 
position  in  space,  it  ie  et  reat.  We  judge  of  the  rest  or  motion 
of  n  btxly  by  (■nniiKiring  ite  position  nith  that  of  surrounding 
bodies,  whicli  we  ».-!Si)me  to  be  iu  repose. 

In  case  of  the  motion  of  a  train  of  cars,  for  instance,  the 
mulioii  is  refeiTivl  U)  tlio  surface  of  ibo  eiirth,  irorwidrrcd  al 
rest,  by  observing  that  tho  iraio  ha-iteus  past  trwrt,  housos,  otf. 
If  the  train  halts  at  a  station  it  is  at  rest,  rolativo  to  the  dqi^t, 
or  Id  the  tsarth ;  but  ainco  tho  e-artli  rotates  about  it«  axis,  and 
roi'olvttt  in  its  orbit  about  the  sun,  the  train  is  not  in  a  state 
of  real,  or  ahaolute  rest.  It  lx  in  what  \»  mlletl  a  i:ouditiun  of 
ref^i'tw  rust,  with  reapect  to  tho  ourth,  awtiimed  stationary. 
The  locus  of  the  positions  which  a  moving  point  successively 
ASsnmeH  in  tracing  a  line,  straight  or  carved,  is  called  the/wM. 
or  orbit  of  the  point.  According  to  the  form  of  the  orbit,  the 
motinii  of  the  |ioint  is  said  to  be  either  rectilitiear,  nr  curvilinear. 
In  rectilineal  orbits  the  dirertion  of  motion  \a  nuchanged.  and 
is  indicated  by  the  orbit  itself.  In  cnrWlinoar  motion,  ou  the 
(■oDtniTv ,  tho  dinx-tion  of  m  otion  i»  ct  'n  t  iu  uatly  chan  giug. 
The  direction  toward  which  the  ]>oint  is  moving  at  any  instant 
is  obviously  indicated  by  the  straight  line,  which  touches  tho 
eiir\ilineBr  orbit  at  the  instantaneous  position  of  the  moving 
[Niiot.  Jlotion  is  termed  unijorm  when  the  moving  point 
p&sses  over  equal  diiilam-es  in  eqital  times,  hoH*soo%'cr  small  the 
inten-ak  ore  taken.  It  ia  called  variable,  on  the  other  hand, 
when  unennal  distances  are  traversed  in  equal  tiniw. 

4.  Uniform  Motion.— The  veloeity  of  a   uniformly    moving 
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point  is  thn  ilistAiit^  ]iassed  orer  by  it  in  the  imit  of  lime,  ».«. 
in  the  .-iefotnl.  Vehx'ity  is  a  "directed  niajfiutude,"  sint-e  it  is 
s|iooified,  not  aluiic  by  its  uiaguitude,  but  by  both  its  inanriiitude 
Anil  it»  direction  conjointly.  If  we  denote  the  velocity  by  t\ 
and  the  space  described  in  t  seconds  by  e,  then  obTionsIy  a  =  vt. 
If  two  of  the«4e  three  magiiitades,  s,  v  and  t  are  given,  the  third 
m&y  lie  determined  by  thit:  ec[uatiuu.      If,  fur  illustration,  n 

ftnd  t  are  knon-n,  we  have  v  =  ^  • 

The  voloiTity  of  uniform  motion  is,  therefor*,  obtained  by 
•liridiii];  the  number  of  Linear  units  traversed,  by  the  nimiber 
of  nnitit  of  time  iNtuHiinied  in  traverainiL;  them.  It  ih  expres-^etl 
UK  the  ratio  of  a  length  lu  «.  time.  The  number  whi(!h  expresses 
the  velocity  may  fur  the  same  motion  re^tult  difTerently.  accorxl- 
iug  1o  the  choice  of  the  imit*  of  length  and  lime.  nr.  what 
amounts  to  the  wme.  ac^cordiug  to  the  choice  of  the  unit  of 
velMuty.  To  avoid  confiisiou,  therefore,  these  imiti!  mtut 
alway-t  be  indicated.     We  say,  for  example,  a  train  ha*  the 

velocity  of  12  — -  (meters  i>cr  second),  or  1200  -  -,  or  720     /- 
sec.  '  sec.  nun. 

(meters  [>er  minute).   The  notation  - — ^,  or  ('in.-96<!.~',  etc,  makes 

clear  at  once  how  the  tmit  of  velocity  is  deri^^l  from  the 
ftmd&inental  nnitii  of  l6U|:::th  mid  time. 

S.  Gravity.— I-taily  ex(ierieuee  teaches  that  ©very  nnsup- 
jKirted  body  falls  toward  the  earth  with  accelerated  motion. 
Any  i-ause  which  either  pnxltices  or  L-hanfjes  motion  is  called 
/orae.  .\  biwly  is  then  said  to  be  dramt  t<t  earth  by  a  force, 
vbieh  force  ii;  immediately  perceptible  through  tbo  mn8l^u]a^ 
exertion  neceaaary  to  raise  a  heavy  mofi^  from  the  eartli.  Tbo 
body  in  colled  htavy,  and  the  force  which  dnws  it  to  tlio  earth 
i*  calletl  gravity  (bcarincas). 

.V  fnrire  is  kniiwni  when  we  know  its  (lirection  and  niaffiiitiuU, 
or  •n/tfH8iiy.  liilte  velocity.it  is  a  directed  magnitude-  The 
diteciion  of  gravity  ia  indicateil  by  the  direction  of  a  thread  on 
which  u  heavy  Uidy  hangs,  for  the  thread  can  sustain  the  heavy 
liody  oiUy  by  drawing  it  upward  in  the  direction  exactly 
oppasito  to  that  of  gravity.     This  simple  devioe  is  call&l  a 
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flitmb,  and  the  directioii  indicated  by  it,  vertical,  or  perpen- 
dieitlar.  Any  plane,  {ier|ieudiuii)ttr  to  tbe  plumb  line,  as  also 
every  line  drawn  in  surh  &  plant?,  is  railed  ht>r!zojital. 

6.  Weight— If  the  fall  uf  a  heavy  IxHly  is  retarded,  it 
exerts,  by  Tirtue  of  its  striving  to  fall,  a  pressure  upon  iU 
support,  or  a  pull  npon  the  suatoiniDf;  cord.  This  pull  or 
jwossuro  is  called  the  weight  of  the  body,  and  may  Berve  ag  a 
tneasure  of  the  force  which  dtan-»  it  U*  earth.  The  wei|;ht  ofa. 
K«ly  is  determined  by  i-'omparing  it,  by  means  of  the  balance, 
with  the  unit  of  weight.  The  unit  of  weifTht  whicii  has  l)een 
selocted  as  a  standard  is  the  kilogram  (kg.),  &,<?.  the  weight  of 
a  liter  (en, dm.)  of  pure  water  at  4"  cetitip-nde,  nr,  rather,  the 
weight  of  a  mass  of  an  alloy  of  piatiuum  and  iridium  which  is. 
deposited  as  the  prototype  of  the  kilognun  in  the  IntematioiuU 
Bureau  of  Weights  and  MQa&nTe«  at  Paris,  and  eorrcsponds  with 
the  greatest  jiussible  accuracy  to  the  aKive  definition.  The 
tboiuandth  part  of  a  kilogram,  i.e.  the  weight  of  a  cubic  centi- 
meter of  water,  at  4",  is  called  a  gram  (g.),aii<l  is  used  as  ft  smaller 
unit  of  weigbt^  The  humlrodtli  part  of  tbe  gram  is  called  u 
cmHgram  (eg.) ;  the  thousandth  part,  a  miUigtam  (mg.)-  J''oh»| 
makes  itself  manifest  a^i  u  pressure  ur  a  pull.  Pressure  and 
pull  may  alwaVK  'be  produced  in  any  desired  magnitude  and 
direction  through  the  instrmneEUJity  of  rollers  and  pulleys  by 
means  of  weights.  The  niagiiilude  of  any  force,  therefore,  can 
be  measured  iu  units  of  weight,  or  may  be  expressed  as  n 
certain  number  of  g.  or  kg.  In  drawings,  forces  are  represented 
geomotrieaily  by  rtraight  lines.  The  diroetion  of  the  line 
indicates  the  directiuu  uf  force.  The  numi^er  of  its  linear 
units  indicated  the  mimber  of  units  of  weight.  conse<jueutly, 
the  magnitude  of  the  force  of  gravity. 

7.  Uniformly  Accelerated  Kotiva— Atwood*  Machine.— Tbo 
motion  of  a  freely  falling  body,  after  a  few  seconds,  becomes 
so  swift  08  to  make  it  impt«sible  to  follow  its  course  with 
accuracy.  Even  Galileo,  who  discoveretl  the  laws  of  falling 
bodies  iu  1602.  attempted  to  retard  this  motion  wiih,.iii 
■■hanging  ilfi  character  by  observing  Iho  fall  of  Ixidies  along 
nn  inclined  plane.  A  much  more  appr<:kpnate  apparatus  for 
accomplishing  this,  and  which  may  b<^  used  Li  a  multitude 
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uf  voriationg  of  this  experiment,  is  Icnowu  as  Atwooct's  fall 
machine  (1784). 

This  (v.  Fig.  3)  carries  npon  a  column,  al»ont  2  m.  hiph.  & 
light  wheel,  easily  morable  about  its  axis,  with  its  periphery 
hollowed  out  to  Toceive  a  slender  thread.  At  each  eiul  of  the 
thread  equal  weij^'ht.-*,  V,  are  attacbod, 
eafih  of  wbieh,  stnviiiff  U>  fall,  leads  in 
turn  the  wheel  toward  it«  owu  side ;  but. 
this  tendency  beiujf  the  Aiime  in  both 
directions,  no  rotation  of  the  wheel,  and 
hence  no  fall  of  the  weights,  can  occur. 
If,  however,  a  small  ovenveight,  p,  bo 
placed  u[K)n  tho  front  weight,  an  nutnal 
fall  toward  thix  aide  then  oc-curs.  The 
moving  force  is  here  merely  tlie  over- 
weight. If  the  overweight  were  per- 
mitted to  fall  freely,  this  force  would 
have  ouly  the  muna  of  tho  overweight 
itself  to  set  in  motion ;  hut  here  the 
name  farce  has  not  only  to  muvu  the 
iivcrwoight  p,  it  mtiat  also  take  with  it 
the  two  equal  weights  P,  and  the  motion 
ie  eorrespondingly  reduced.  At  the  i^ide 
of  the  upright  colvmrn  of  tho  machine 
iii  H  |»eiidu]iim,  r,  beating  socvindg,  which, 
with  its  first  heat,  releaaesahinged  plate 
dituatecl  above  at  the  zero  of  a  scale 
gnuliiated  to  centiroetera.  This  plate 
supports  the  weight  to  which  the  orer- 
weight  has  boon  a'lded.  When  the  plate  is  released,  thia 
weight  begins  to  sink,  and  strike.'*  aiidiUv  upon  a  horizontal 
plate  of  metal  which  slides  along  the  e«)lumu,  and  may  be 
adjusted  to  any  desired  height.  The  sgHwe  described  in  the 
first  second,  i.e.  where  the  plate  luust  he  clauipeil  in  onler  that 
the  falling  weight  may  strike  it  prcciselyat  the  second  beat  of  tho 
|«udulnu),  or  after  the  la])8t!  of  a  single  mtcoiid,  is  determiodd  ex- 
perimentally. Likewi.<e,  the  spaces  described  atter  the  lapse  of  2, 
'S,  4,  etc.,  seconds  are  determined,  and  tho  results  are  as  follows : — 
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The  space  iu  tnxi  seix  U  4  times  us  great  as  in  tli«  1st  sec 
„  three  „      !f 

four   „     K; 

oto.    It  ia  sc«u  thftt  the  h[»cos  descrilte^l  are  to  cock  other  m 
tlie  !t(|iiareB  of  the  times  employed  in  their  description. 

iSinoe  the  spate  described  by  a  tailing  btxly  in  the  first  two 
:«c<:uiii[.s  is  lour  times  as  ^reaX.  tut  in  the  tirst,  iti  tlio  seconil 
seuomi  the  l>i.uty  ilescribes  &  distance  three  timos  oa  great  vs 
iu  the  (irst.  Similarly,  in  the  third  sofond,  the  space  traversed 
id  live  times:  In  the  tuiirth,  neven  timc^  as  j^reat  as  that 
described  in  the  first  second.  Therefore,  the  tpacc»  detertM 
by  a  falUruj  hodt/  in  the  individual  iiecondi  are  to  t<uh  other  a» 
the  odd  numbitra  I, :!,  5,  7,  !l,  pIc. 

The  uutiiin  of  Gtllin);  hiHlies  in  m^'Curdlngty  varialle.  It  is, 
tuoteover,  accelerated,  because  in  uacb  miw^oding  second  a 
larger  diiitauoo  is  traversed  thiin  in  the  prcccdiu*:,  •.«.  its 
velocity  increaaM  uniformly  u.nd  im^essantly. 

'Ilie  question  now  arises,  what  is  to  be  understood  by 
velwity  in  variett  motion  /  In  i-ase  of  nnifnrin  iiiolion  we 
HHV  the  velocity  is  the  distance  traversed  per  sw^ond.  Thin 
ilolinition  has  no  lucaning  L«<re,  fur  the  velitt^ily  changes 
itmtinnally.  This  change,  huwovnr.  can  l>u  Hccouiplishod  only 
through  tbe  instruiucutality  of  the  force  nf  the  orenreight 
acting  incessantly  du^^'nv^a^d.  changing  the  bmly'a  condition 
Imm  that  of  rest  to  motion,  and  then  accelerating  the  Wdy's 
motion  eimtiiniuuRly.  If,  at  any  inst^int,  the  caiLse  of  the  ot'cele- 
iiition,  i.t:  the  ovenveight,  were  removed,  from  tliat  inataut 
the  velocity  could  no  longer  inrrCH.He,  bnt  would  couxer^'e 
iiQcliunged  llie  vahm  it  po!>»c.<wed  at  that  iittilant.  Wo  may. 
therefore,  define  tlio  vohinty  which  a  IhmIv  in  unifonn  motion 
hft-t  nt  any  instant  by  the  distance  which  it  would  traverse 
uuifunuly  iu  each  sucoeeiUug  »;oeond,  if  at  the  instant  iu 
question  the  cause  of  the  change  of  motion  wore  removed. 
The  corre<.^tnes8  of  these  assertions  may  be  easily  proved  by 
means  of  Atwood's  machine.  We  attach  to  the  ctdumn  a  ring 
which  jwrmitii  the  passage  of  tiie  sinking  weight,  but  d<:iC3  not 
Allow  the  overweight  laid  upon  its  np[>er  edge  to  pass,  and 
notice  carefully  that  after  the  removal  of  this  oventeight  no 
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further  chauf^e  of  velucity  oocimi,  but  that,  from  l\\w  inatnut 
on,  t}ie  weight  un)ve»  imifomily.  If  now  we  clamp  the  riug; 
firmly  at  the  eiid  of  the  )lixt*mco  travecaed  duiitif,'  tho  first 
Booond,  as  found  above,  su  that  the  uverweight  is  Ulted  ofl"aftor 
the  tint  second  of  fall,  we  liud  that  the  weight  now  moving 
■loue  strike!}  ihe  plate  with  the  following  beat  of  the  pendu- 
lum, {mivided  this  plate  in  ('lainped  l)4>low  the  ring  at  a  distanoe 
equal  to  double  tlie  itguice  described  tlie  tirst  second.  More- 
over, in  each  fuUuwing  secuml  the  body  travorsos  double  the 
space  £alleii  the  lirnt  second,  aa  is  at  once  appurout  if  tho  plate 
is  clamped  at  twice,  tbri<-o,  etc.,  this  distance  boluw  the  ring 
and  the  striking  of  the  weight  aftor  two,  three,  etc.,  seconds 
is  Diiteil.  Ilonoo  the  velocity  at  thti  end  of  the  Jint  aeeond  is 
double  the  gpaee  descrihed  durinff  Hie  jtrat  aeeond.  If  wo  elam]) 
the  ring  at  the  end  of  the  space  deHcribed  in  two  seconds,  then 
at  the  end  of  tht->  ^imw  descritjed  during  the  first  three  seconds, 
etc.,  and  ascertain  each  time  tho  position  which  uusl  be  given 
to  tho  plate  that  it  nmy  lie  struck  at  the  next  sucooodiog  heat 
of  the  {teuduliim,  wo  find — - 

The  velocity  after  'J,  aec.  is  *J  timee  as  great  as  after  1  see. 

rt  D  3  „  „ 

n  4  4  „  „ 

etc  We  !fee,  then,  that  the  velocities  are  to  each  other  as  the 
timoM,  or  tJte  rciocitt/  is  proj/ortiojud  to  the  time  of  fall. 

The  velocity  of  a  falling  body,  therefore,  increases  in  emh 
second  b}*  double  the  distance  de^rited  the  first  second.  This 
increase  of  veliKrtty  [>er  second  is  calletl  txee^fration,  and  sinct* 
it  is  the  same  fur  every  ttecond.  motion  uf  this  sort  is  lernie<I 
iiji^ortti/y  aceetetal'd 

8.  Lawi  of  Uiiifonnly  Aeoelerated  Motion. — These  laws  may 
he  cleuly  and  <»inci»elY  expressed  in  niathoiuatical  syniljula. 
Deooting  the  acceleration  by  a,  tho  velocity  v  after  (  seconds 
is  oj  or 

(].)  v=sai, 

'ilio  space  described  the  ttrst  second  is  then  ^a ;  that  afti*r 
i  seconds  have  elapsed,  is  tl  or  ^  iiram  as  groat,  (consequently, 
it  is  \(tP,  atKl  we  have 

(2.)  ,  =  },<^. 


By  meaTis  of  these  two  eqimtionR,  the  first  of  which  gives 
the  Telocity,  and  the  second,  the  distonoe  traTCrnctI  at  imy 
time,  t,  alt  circuDUitanceti  uf  iiiufnrmly  accelerated  motion  are 
ftdcqiiatcly  doacribod,  and  with,  their  nid  even,-  fjnefttioti 
pespeoting  ihh  motion  may  bo  answered.  If,  for  example, 
(he  velncity,  v,  he  desired,  whirh  a  Iiody  iMissesses  after  having 
traversed  (be  distance  s  with  the  iiiiilbrm  acceleration,  a;  the 

time  consumed  would   be  given  by  eqtiatiou   (2),  (  =  ^  -, 

and  according  to  equation  (I),  this  must  merely  he  multiplied 
by  a,  to  obtain  the  desired  final  velocity, »  *=  y/'2a8,OT  better — 

(3)  i^^2aa. 

That  is,  we  may  say  the  square  of  tlie  veltx^ity  is  everj-  instant 
equal  to  the  tlonble  pro<Iut:t  of  the  acceleration  and  distanoe 
travoreed,  and  consequently,  the  velocity  itself  equals  the 
square  TtK<t  of  this  jtroduct. 

9.  Teloeity  and  AcoBlert,tion  with  Varied  Motion.— The 
change  of  velocity  iu  varied  motion  is  obviously  sniftlltfr,  the 
smaller  the  element  of  time  during  which  the  luntiou  Is  con- 
sidered. If  this  element  of  time  be  conceived  tu  liewunie 
smaller  and  smaller,  the  motion  appri>xi mates  ever  more  nearly 
to  uniform  motion,  and  the  velocity  is  then  expronsed  by  the 

ratio  — ;,  where  As  denotes  the  smalt  distjince  traversed  in  tin; 
A< 

short  increment  of  time  Af.  Instead  of  the  aliove  definition  of 
velocity  of  varied  mutiuii,  ue  may  then  give  the  following  general 
definition.  By  the  velocity  which  the  moving  [xiint  jioseesses 
at  any  instant,  is  meant  the  ii»ntin(/  valve  to  whicli  the  ratio 
of  the  dialanee  traversed  iu  the  next  BUceoeding  interval  of 
time  to  tlie  length  of  this  interval  approtu'bes,  when  this 
interral  of  time  and,  therefore,  also  the  corresponding  distance, 
are  diminished  indefinitely. 

With  uniformly  accelerated  motion  acceleration  it;  under- 
stood to  signify  the  incremont  of  velocity  during  a  unit  of 
time  (sea),  ur,  mute  generally,  the  ratio  uf  ibiH  increment  to  the 
time  in  which  it  is  produced.  Taking  a  suOieiently  small 
interval  of  time,  however,  we  may  consider  vai-iably  accelerated 


motioQ  as  unifonuly  accoUrated,  and  espress  ite  acceleratiou 

by  the  ratio   — ,  if  Au  denote  the  small  change  of  velocity 

occurring  during  the  small  interval  designated  hy  A*.  By 
acoeleration,  therefure,  U  always  meant  the  limUing  value 
towanl  which  tho  ratiu  of  the  rhange  M'  velocity  to  the 
ooTTespondin^  small  iuterviJ  ut'  time;  continually  aiijiniaehes  as 
this  interval  bccomod  smaUer  and  smaller.  Since  a  change  of 
velocity  is  itself  a  velocity,  an  acceleration  is  measured  by  the 
ratio  of  a  velocity  to  a  time,  and  tho  nnit  of  acceleration  is 
(ibtaiQed  by  dividing  the  unit  of  velocity,  i.e.  the  ratio  of  the 
let]gth  ami  time  units  i;ra.-se<T',  by  the  unit  of  time  The 
unit  of  acceleration  is,  at^curdingly,  for  cm.  and  sec.  denoted 
by  cm.-eec."'  :  sec,  or  by  cm.-Bec."'.  Bince  it  is  reducible 
to  the  unit«i  of  length  and  time,  an  acceleration  is  con- 
sequentty  oxjiressed  by  the  ratio  of  a  length  tu  the  H^uare 
of  a  time,  as  was  indicated  by  equation  (2),  from  which  we 

obtain  <t  =  ^.    Such  expressions  as  cm.-sec"'  for  velocity  ftnd 

cnL-sec.""  for  acoeleration  which  churocteriiee  the  ctJiistitntion  of 
theae  ideattas  derived  from  itini[ile  fundmmiittal  notions  (here  of 
length  and  of  timej  are  called  the  dimcnmcM  of  the  composite 
Dotion& 

10.  Acoeleration  of  a  Preely  Falling  Body. — Exporimente 
with  tho  AtHuo<l  niiK^liine  may  he  variously  mudilled.  If 
diflTerent  overweights  bo  allowed  to  operate  upon  equal  total 
weights, 'J(*  -fp.it  is  found  that  the  accelerations  produced  are 
as  tbe  overweights,  or  as  tho  forees  o|>erating.  If  the  total 
weight,  2P  +  p,ho  permitted  to  fall,  first  under  the  influenee  of 
the  overweight  p,  and  then,  to  fall  fieoly,  i.e.  undor  tho  action 
of  the  fori-'e.  2  I'+  p,  wo  find,  in  the  first  instance,  an  oocelera* 
tion  "a"  measured  on  the  machine,  and  in  the  latter,  the 
acoeleration  j;  of  a  freely  falling  body.  This  g  is  yet  to  be 
determined.  These  acu-elcratious  must,  however,  be  to  each 
other  OS  the  forces  operating.     We  have  then — 


P 


from  which 


iP  +  p:p, 


R 


14  EXPER!MSNTAL   PJfXSTCS, 

Tbe  acceleration  of  s  freely  faUiu}^  Uxly,  uhicb  is  nsiuilly 
designated  by  jr.  may  be  foond  by  lucaiu  of  Hticb  ex[ieriiuents 
a5  are  given  above,  or  better  by  iactti).i  of  a  mom  accurate 
metbo^l  to  be  exj»laiiieil  later.     It  ia  fouud  tu  be — 

J?  =  981  cm. -sec."',  or  ff  =  9'81  iii.-8ec.~'. 

and  from  this  tbe  space  falleu  tbe  llrst  seeoiid  i/f  =  4-0  m. 
The  laws  of  falling  bodies  are  given  inimediatiily  by  eqnations 
(1),  (2)  and  (3),  if  tf  be  siiljstitnted  for  a  in  them. 

U.  Haas. — If,  with  Atwood's  luachiae.  the  mnio  overweight 
l>  bo  made  to  act  upon  diHereut  total  nei^thti),  it  is  readily  seen 
tliat  the  aoeeleratioDs  produced  will  be  iiiventtly  as  the  total 
weighty  and  this  will  be  true,  regardlevs  of  thu  kind  of  matter 
comixMing  the  weights.  One  may  convince  himself  of  this  by 
giving  to  the  weights  1*  a  hollow  cylindrical  form,  and  filing 
tbem  with  solids  or  liquids  of  various  sotX»  until  tbey  become 
equally  heavy.  Tbe  result  of  this  exjierimeut  may  be  expressed 
thus :  ever}'  btxly  oppi^eii  Ut  an  aceeleratioa  [inKliiceil  in  it  bv 
a  force,  a  reiiUtance  uhicb  Li  projKirtioual  to  its  weight.  This 
resistance  to  acceleration  is  i^aUetl  Ihc-  mans  of  the  body. 
Masses  of  bodicH  are  accuriliugly  projiortiuiial  to  their 
weights,  and  may  be  compared  with  each  other  by  weighing 
the  bodies.  In  customary  usage,  mass  is  oquivalent  to  tbe 
•jiiantity  of  matter  in  a  body.  With  bodies  uumposed  of  tbe 
Ksme  kind  of  matter,  e,g.  with  water  and  lee,  that  the  qiiantitv 
of  matter  contained  in  them  is  prnportioital  to  their  Widght. 
and  that  the  ideas  "  maas  "  and  "  quantity  uf  matter  "  are  sub- 
stantially  identical,  are  mauifostly  true.  For  bodies  composed 
of  different  kinds  of  matter,  on  the  contrar)',  such  as  water 
and  mercury,  wo  can  assort  nothing  it  priori  concerning  the 
amount  of  matter  they  contain,  but  wt<  ascritte  to  such  buflies 
equal  masses  when  the  same  foTca  imparts  tbe  same  accelera- 
tion to  them.  This,  of  course,  oociin  when  thuir  weights  are 
equal. 

The  acceleration  which  a  force  imiiarts  to  a  body  is  then 
directly  proportional  to  the  force  actiuj,'  and  inversely  pro- 
jtortional  to  the  mass  moved.  .  Different  forces,  therefore, 
produce  the  same  acceleration  when  the  masses  upon  tvliioh 
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tiiey  operate  are  in  the  ratio  of  the  forcdtt.    This  relation  Iiolds 
in  cos©  iif  freely  falling  liodies.     All  freely  fallin'r  binlies  are 
ucjiwUv  accelerated  at  the  xarae  plane  ou  the  eartU'tt  Kurface. 
A  freight  of  mho  kilogram  is  thoti  drawn  to  earth  witli  a  fnn-e 
R  thousand    tiniirH   stroiigcr   thiiti  Um   fcircti  ivhicli  aotit   on   a 
gram.     Tlio  kilogram,  however,  contains  a  thousand  times  as 
great  a  mass  tis  dix;s  the  gram,  and  hence,  both  DiifTcr  lUe  »uue 
accoloratiou.     All  budiey  miiDt  thou  f&tl  with  equal  gnifinesE. 
Gt-cryday    «xperien<.>0,    of    courxe,    soeius    to    cuntradict    tbi»t 
jn-iuciple.       Feathers,    snowrtaltes.    soapbii  bbles,     and     other 
btKlioH,  ivboM  surfacen  are  large  in  pn>[iorti(in  to  Ihoiv  weiglit.<i. 
fall  much  more  slowly  than  do  8touos.  piocex  of  niotiJ,  and  ko 
forth.    This  is  dao,  however,  to  the  ciicttm stance  that  the  air 
opprHie:^  a  rpsistanoo  to  moving  bodies,  whit-h  is  dir^fily  pro- 
portional to  their  inootions  at  right  Rnglel^  to  the  direction  of 
motion.      Thi.i  reaistance   makes   itself   more  apparent,  the 
greater   the   ratio    lietucen    the  Hnrface  of  flio  hody  and  the 
oecvlcruting  force.     That  all  hixliett  fall  equally  f«»t  in   vacuo, 
may  he  owily  proved  by  causing  foatbors,  bits  ol  paper  and 
shot  lo  fall  within  a  niile  glatis  tut)e.  from  which  the  air  has 
been  temored  by  an  air-piimii.    After  the  air  has  b^eii  well-nigh 
wtliatiitted,  it  is  seen  that  all  these  hudies  fall  with  etjual  velocity. 
The  resistance  of  the  Htmtwphore  increases  also  with  the 
velocity  of  the  moving  body.     In  caso  of  the  motion  rcdiicwl 
by    Atwood'a    machine,   atmospheric   resistance    is    of    amall 
oonseqneuce ;   but,  with   freely  falling  bodies,  its  retarding 
influent'e  tends  to  eaune  tlie  moti(jn  to  Itei'ome  ever  mon-  nearlv 
uniform.    The  al>ov*e  ItLvrs  of  uniformly  accelerated   motion 
are  rigortiusly  true,  only  i>n  the  wwiimptiou  that    no  forces, 
aside  from  the  uircoieraling  fora.-,  ofwrate  on  the  moving  IxKly. 
Willi  Atwood's  machine,  liouovor.  besi*lea  the  atmospheric 
KBJrtanee,  the  friction  of  the  axis  of  the  pulley,  the  resistance 
of  the  cord  to  bending,  the  reKii^tarice  to  the  ocueleratiun  of 
ibe  pulley  and  of  the  cunt,  all  act  ti>  retonl  the  motion.    One 
may  easily  convince   himself  that    the^e   fans   appniach    the 
trntb.    more     nearly,    the     more     nearly    these     imavoidable 
bindnmcen  are  eliminated,  or  the  more  romptelety  their  influent'e 
18  taken  into  account. 
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IS.  Units  of  Mau  and  Force. — 'i'be  units  of  force  and  of 
mass  are  w  chiBWii  thut  tho  unit  i»l'  force  wling  upon  the  unit 
iif  uutm,  tmparta  tu  it  the  uuit  aciMilunition.  The  principle, 
that  the  accti^ration  ii  dmctly  at  th*  force  and  mveraeltf  aa  th4 
moaa,  uiay  then  be  briefly  written  tbu8 — 


--» orf=  ma. 


m 

where  /  is  the  force  nhicb  imparta   to   the  mass  m  the 
•oMleration  a. 

The  Uttar  furm  expressea  the  principle  that  tJie  form  is 
o&iUinuaQy  ejwd  to  the  product  0/  Oxe  ma$s  movfd  into  th«  aeede- 
ration,  and  thut  holds  whether  tlie  body  is  really  accelerated, 
or  the  force  merely  exerts  a  pull,  or  pressure,  o^inat  a  motion- 
lees  rftMstance.     This  product  is  called  the  retistance  0/  inertia. 

Wlien,  for  one  of  the  quantities,  mass  or  force,  tho  unit  lias 
been  selected,  the  unit  fur  the  other  is  flotcrrainod  by  the 
equation /=:  mo.  Different  systems  of  measurement  result 
according  to  the  clioice  of  this  unit. 

If  the  matter  eontuinwl  in  the  original  Paris  Idlofn-am  be 
chosen  as  niut  of  mas»,  ur,  bettor,  the  tliousandth  j>art  of 
it>  that  is,  the  mas»  of  one  p-awCu  vmghU  the  correHjKtiiding 
unit  of  force  is  that  force  which  imports  to  the  mass  of  one 
gtam  in  one  second  an  increment  of  velocity  equal  to  one 
oentiuietcr.  This  unit  of  ioirca  is  called  the  dyne.  The  force 
mS  f^nty  acting  upon  the  weight  of  one  gram  imparts  to  it  au 
acceleration  of  !>81  cm.-aec."''',  and  equaU  thereforo  981  dynes. 
TKi^  system  of  uuita  is  called  the  obKilvle,  or  cm.-g-ttcc.-sy8ten) 
(C.-G.-S.-.Systeni),  and  ig  extensively  used  in  physical,  and 
eitpecially,  in  electrical  and  magnetic  meadiiremenUt. 

For  the  practical  purpoees  of  meehauicul  engineering,  it  13 
much  more  convenient  to  chouse  as  the  uuit  of  force,  the  pull 
which  the  earth  exerts  upon  the  weight  of  a  kilogram :  becau<te. 
as  above  auggestcd.  the  foroea  uiKratiug  on  thu  surface  of  the 
eartli  are  immediately  expressible  by  weights.  If  tiie  weight 
of  one  kilogram  be  allowed  to  fall  freely  ;  that  is,  if  the  force 
of  1  kg.  be  made  to  a^-'t  upon  the  ina»s  cuntained  in  it,  the 
weight  attains,  in  one  second,  a  velocity  uf  tt'Sl  ni.    In  order 
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that  this  same  force  uf  1  kj^'.  lony  iim(ltK!o  a  velocity  nl'  only 
1  m..  it  must  be  matte  U>  upemte  u[M>n  s  maim  9-81  timeK 
greater ;  i.*.  upon  Uio  uiasa  coutained  in  9-81  kg.  This  iiia*s, 
which,  under  the  itiilitciico  of  the  unit  of  fnrc«,  1  kg.,  attaiiun 
the  aoceleratioQ  1  m.,  hm  been  chuscn  m  tlio  unit  of  moHS  of 
the  practieai,  or  terregtrial,  stfgt^m  of  measures.  Since  the  masa 
I  is  the  mass  (lontoiued  in  It)  81  kgs.,  I  kg.  couttuna  the  mass 

1  :f>*81,  or  ~,  and  p  kes.  the  mass  ".     The  moss  m  of  a  body 
9  9 

of  weight  p  kgs.  is,  accordingly,  m  =  ^^.  =A  or,  the  number 

which  expresses  the  mass  of  a  body  in  tenns  of  the  unit  just 
deliued,  is  obtained  by  dividing  the  weight  in  kg.  by  the  ac- 
releration  of  gravity  (9"81). 

To  tlie  fnndanieutid  units  of  length  and  time,  jn.st  used,  is 
U*  be  added  that  of  mass  bs  a  third  fundamental  unit.  To  the 
three  nnits  of  length,  masn,  and  time,  all  magnitudes  uuiuirring 
in  pbysicd  are  refcrabto.  The  unit  of  force  is  obtained!  as  the 
product  of  the  unit  uf  m&fm  iiitt^  the  unit  of  acueleratiou,  and 
has,  therefore,  in  the  "  C.-ti.-S.-SyBtem,"  the  dimension  cm.-g- 


Be«.' 


(dyne). 


generalization   of  the 


18.  General  Laws  of  Motion.— The 
experiments  made  with  Atwood's  machine  leaiU  to  many 
principles  of  comprehensive  significance,  fiom  which  the  laws 
of  all  phenomena  uf  motion  may  be  derived.  These  are  called, 
the  Aindameutal  principles  of  mechanics. 

We  havy  aeen  that,  after  the  removal  of  the  nir)ving  force 
(the  overweight),  a  falling  budy  procecd-s  with  the  voU»L'ity 
attained,  with  uniform  rectilinear  motion,  or  that  it  lemains  in 
the  condition  of  motion  in  which  it  has  been  put.  In  order  to 
make  the  body  iiiuve  mon>  or  lens  Hwiftly,  ur  tu  turn  it  mvl^ 
ftom  the  rectilinear  patli  in  which  it  was  previooaly  moving, 
the  operation  of  an  externa!  forc^  is  necessary.  A  body  is,  of 
itself,  just  as  iucajtable  of  changing  its  condition  of  motion  as 
ft  is  of  changing  its  state  (mm  that  of  rest  into  that  of  motion. 
Herein  oonsiste  the  first  fundamental  principle  of  the  science 
of  motion,  the  law  of  inertia,  first  recognized  by  Galileo,  and 
expressed  by  Newton  In  the  following  words :     "  Every  body 

o 


Temaina  in  its  coiitlitiou  uf  rest,  or  uf  uuU'urm  tuutiuu  in  a 
Htraiglit  line,  uuleiR  i-uii]]>eUed  tu  change  this  coudttiim  by  tha 
operation  of  force." 

At  fiixt  glance  observed  facts  seem  to  contradict  this 
proposition,  which  is  really  only  the  specificaliou  of  the  uiotioti 
"  forcir."  This  mistaken  idea  of  a  diaapreement  of  theory*  and 
I'avt  arise.'^  l)e(^AnHe.  with  all  motinnH  wo  are  able  to  prodiic^e, 
oppiising  forces  operate  whioh  we  are  never  able  ti>  eliminate 
conipIetHly  with  AtwuixlV  machine.  Tlie  weights  wtnie  at  last 
to  rv»\,  bocansu  friction  and  atmospheric  resistance  contiiiiie  In 
retard  thoir  motion.  A  cannou-ball  nowM  move  on  forever  in 
the  diri'clion  and  with  the  velocity  imparted  tti  it  by  the  gnn, 
Hero  it  not  that  the  resistance  of  the  air  gradiially  diiuiuishes 
1(8  velocity,  ard  the  force  of  gravity  oontinuously  pulls  it  t« 
earth.  AVa  may  readily  c^invince  ouroelves  that  motion  once 
generated,  and  then  left  to  itself,  cuutiuucK  longer  auJ  longer, 
the  smaller  the  opposing  obstacles.  We  observe  that  a  ball 
rolls  much  farther  tipun  the  smooth  surface  of  ice,  where 
Irictional  ret^igtancoi!  nrc  small,  than  upon  a  rough  lluor.  The 
mute  rigoroiM  proof  of  the  correctnesit  of  this  law  is  fiinii^hed 
by  the  circum-itaiice  tliat  all  cunclusions  dravn  from  it  accopl 
with  the  facts. 

Bxporimcnts  with  Atuood's  mtiehinc  have  further  taught 
that  the  moving  fon^  jirtwlucos,  in  etpial  lime.*!,  espial  iticre- 
menl.s  of  velocity.  These  iucronicnts  are  proportioimJ  to  the 
force  ti|ieral.iiig.  This  is  true,  whether  the  falling  body  starts 
from  a  .state  nf  rest  or  from  any  condition  of  motion  whatever. 
These  olnservatiom?  lend  to  the  second  fundamental  law,  also 
known  to  (iaiileo,  which,  in  Newton's  words,  is,  chintje  of 
Tualion  ut  projiortional  to  the  force  opsraiing,  and  takes  yitiee  iu 
the  diret-iioit  of  the  straight  line  in  which  ihi  force  acta.  Since 
nothing  is  said  in  this  law  as  to  whether  the  body  acted  upon 
by  the  force  18  in  a  i^tate  of  rest  or  of  motion  of  any  sort  what' 
ever,  it  implit>rt  the  principle  that  the  elTect  of  a  force  is 
uidepeudeut  of  the  magnitude  and  direction  of  any  motion 
already  exi-sting,  or  of  the  presents  of  other  forces  acting  on 
the  bmly.  Wo  may  also  state  it  thus:  Every  forego  acts  wHtb 
its   own    peciUiar  inteiuily  and  diroutiou,  rugerdlcsi;   of  the 
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esUt«ii(%  of  utber  furces.  TliU  pnDcipIe  is  sometuuen  called 
the  priimple  of  independence.  "With  At  wood's  machiue,  <if 
course,  the  luovin;;  force  bad  the  same  direction  ui  the  moUuli 
already  preseuU  But  that  the  phociple  is  uoiversally  ralidi 
wbfttevei-  direction  the  foroes  luav  hare  is  showu  by  the  facte 
iif  urdioary  experieuoo.  In  a  j^ujue  of  billiards  im  hoard  ahi|i, 
tlie  balh;  are  moved  by  the  fun«A  ac^ting  im  them,  when  both 
the  Nhip  and  ballH  am  in  motion,  prei^isely  an  if  the  ship  wen* 
at  rest,  and  a  body  dntppvd  TerlicHlly  ilowiiward,  strikfi^  tht- 
Mime  Hp<it  of  the  Boor  of  the  raltia  uhctbor  the  ship,  and  with 
it  the  lm.l],  is  iu  uiottoii  or  at  rust. 

The  third  law  of  Xowton  is  :  "  With  every  action  then-  is 
an  equal  and  contrary  rcpactiun,  or  the  forces  which  any  two 
bodies  exert  on  each  other  are  equal  and  oppositely  directnil." 
Or,  briefly :  "  Action  and  reaction  are  eipial  and  opixisilfl."  A 
stone,  for  example,  lyinjj:  njion  a  table  exerts  iijwii  it  a  presniirt- 
downwards,  but  it  stifiTers  alao  from  the  table  an  equally  gTimt 
upward  •■ouiiter]>rcssiirc.  A  hyrs©  is  drawn  backward  tovrar*! 
the  vragou  by  the  traL-c^  with  the  same  foruo  it  exerbi  to  draw 
the  wagon  forward,  llie  waj,'on  retards  the  progrese  of  the 
hoTve  in  the  degree  in  iihii.-h  the  forward  motion  of  the 
wagon  is  accelerated.  A  magnet,  attrac^ting  a  piece  of  iron, 
is  atttacte<l  by  the  iron  e()ually  stnmgly  in  the  opposite  direc- 
tion. The  earth  attracts  the  moon  with  a  force  precisely 
equal  to  that  with  which  the  moou  attra^'t^  the  earth.  On 
tiring  a  gun  the  ball  receiver  a  forward  impulse  from  the 
explosion  of  the  [wwder  just  &n  strong  a&  the  gun  is  impel!e«l 
Ijackwanls  against  the  ^tilu1Ude^. 

14.  Vertical  Projection. — Aided  by  them  ftindanu-ntal  jn-in- 
ci[dt»t,  the  law.s  of  motion  of  a  iKtdy,  or  of  a  material  iiniiit,  may 
be  foinid  withont  experimontation,  by  mere  compulation,  and 
their  eETeet  may  lie  pretlicted  so  soon  as  the  forcet*  operating  are 
given.  .\  for(;e,  ciinstiint  in  magnitude  and  direction,  such,  for 
oxample,  as  the  fonr<-  of  giHvity.  iini)!t  generate  a  coiiatsut 
acceleration  (y  «  it'Sl  m.-.'to«\"'')  and,  consequently,  also  a 
uniformly  wceleratcd  motion,  »1it>xo  vclnrity,  e,  increases 
uniformly  with  the  time,  (,  or  "  =  gt. 

HiDce  the  vehictty  of  a  falling  lH)dy  incrcaaci^  unil'ormlv,  t.«. 
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ID  e<)iial  times  liy  equal  atnoiiiits,  the  Ixiily  mtist,  in  a  given 
tiine,  traventt)  tlio  samo  distauco  it  would  traverse  in  tlio 
same  time  witU  a  relooitT  equal  to  the  mean  of  the  initial  ami 
KnaJ  veI(H!itie»,  or  mtli  the  velocity  whirh  the  body  had  for  nii 
iiislaut  at  the  midille  of  the  iuterval  nf  time,  during  which  the 
motion  U  (wosideieU.  At  the  bcgiuuing  of  the  firat  second  uf 
fall,  the  velocity  was  tero ;  at  its  end,  the  Telocity  was  y  and, 
coiiaec|ueutly,  tlie  mean  velocity  for  the  first  eecond  is  ^ff. 
The  luMiy  moving  imifomily  with  this  velocity,  for  one  second 
would  deseribe  a  distance  equal  to  J*/.  The  distance,  therolbre. 
whieh  is  ttf-tnally  desnribed  in  the  JirBtseamd  with  the  velocity 
gradually  iticreH.'finK  frum  zen*  to  g,  is  equal  to  httlf  the  occele- 
mtion.  or  J*/.  With  tlio  first  two  seconds  of  fall,  the  initial 
velocity  ia  again  zero  ajid  the  Snal  velocity  U  "ig;  the  mean 
velocity  Is  then  equal  to  g.  Moving  for  two  socnnda  with  this 
velocity,  the  body  would  describe  a  distance  equal  to  2(/  =  4j? 
X  4,  which  is  four  times  as  groat  as  that  doscribod  in  the  tJrst 
se«?«Hid,  and  so  forth.  In  general,  if  the  Iwdy  falls  for  (  seconds, 
it  will  bare  traverseil  at  the  end  of  this  time,  the  same  di^itance, 
s,  MS  though  it  bad  moved  uniformly  for  /  seconds  with  the 
velfK'ity  ij?(.  or  with  a  velocity  equal  to  a  mean  Itetween  it.s 
initial  (o),  and  its  ttnal  {gt)  valutis.  We  hare,  then,  s  =  ^t^ 
X  t  or  «  =  ijf.  From  the  ©(jtiationg  v  =  gt  and  *  =  Jj^,  we 
find,  as  indicated  above,  for  the  velocity  (y)  at  the  end  of  the 
space  fallen,  «,  the  expression,  v^  =  2^. 

If,  at  the  instant  of  starting,  the  body  is  given  a  downward 
impulse,  that  is,  if  it  is  burled  downwani  with  the  iuitiul 
velocity  e,  it  maintains  this  velocity  by  virtue  of  inertia. 
Superposed  upon  this,  however,  is  the  velocity  gt  due  to  the 
foreo  of  jifravity  for  i  sec,  ]>reei8ely  as  though  the  body  had 
started  from  a  state  of  rest,  so  that  after  the  lapse  of  t  ma.,  the 
body  will  have  the  velocity  v  ~  a  -f-  j^^  in  consequence  of 
inertia  alone,  the  body  would  have  described  the  space  d-, 
during  t  sec,  by  reason  of  its  uuifonn  motion  with  the  velocity 
(e)  of  projection.  The  force  of  grarity  acting  simidtaneously, 
adds  to  this,  the  distance  \<jfi,  so  that,  after  t  sees.,  the  body  has 
actually  described  the  distance  s  =  ct  ■^  hu^^-  "^^^  body  moveii 
with   uniform  acceleration,  precisely  as  though  the  tailing 


motion.  wLich  had  previously  ituparted  t*. 
were  merely  continued. 

If  n  body  be  tlirown  Tertically  ujiwards,  its  initial  vfloi'ity  c, 
which  by  rirtue  of  inertia  it  strives  tu  umintuiii,  will  be 
diminished  by  the  force  of  gravity  acting  downwanls,  by  the 
amount  ^  every  second,  so  thut  it  will  possfsfi.  nftor  /  seconds, 
the  velocity  v  =:  e  —  gt,  and  iiisteail  of  describing  tho  distance 
et  npn-ards,  which  by  reason  of  its  inertia  it  would  otherwise  do, 
it  HiU  describe  only  the  distance  a  =  rf  —  JyH ;  lienause  pravlty 
fedoces  the  siwce  traversed  by  J^g^  each  Hceoiid.  The  l>ody 
riaee  with  uniformly  retarded  motion  until  it  attains  the  highest 
|>oiQt  of  it«  path,  where  its  velooity  has  become  zero.     Thta 

ha]ij>rna  at  the  time  t*  =  -.    At  this  point,  the  body  alAuda 

motionless  fur  an  instant,  and  then  falls  according  to  the  Iaw8 
ui  freely  falling  l>odies  to  the  point  of  starting.  Since,  in 
falling,  the  body's  velocity  is  augmented  precisely  a»,  in  rising, 
it  na<i  ntdiiced,  tho  time  uf  fall  must  otjnsl  the  time  of  rine.and 
the  l>otly  passes  every  point  of  its  path  both  in  its  ascint  and 
in  its  descent  with  tho  same  velocity,  reAchinf;  the  starting 
point  with  tho  velocity  it  bad  on  dei«u:ting  from  it.    From  the 

equation  v  ~e'—  gt,  it  follows  that  t?  =  —  c, when  t  =    -.   The 

highest  point  rpached  is  consequently  at  an  altitude,  from 
which,  if  the  Uidy  fall  freely,  it  »ill  attain  a  linal  reb>city 
equal  to  the  initial.  The  highest  })oint  reached  by  a  body 
thrown  upward  is  found,  from  the  laws  of  lalling  bodies, 
bv  dinding  tho  square  of  the  initial  velocity  by  twic«  the 
acceleration.     From  the  equation  a  =  et  —  ^gt",  the  altitude  of 

the  highest  point  is  found  to  be  i*  =  ,,- ,  by  substituting  in  it 

for  t  the  \'a1iie  <*  «  -.    The  samo  eqimtions  are  evidently  true 

for  all  nniformly  retarded  motion,  it  being  necessary  merely  lo 
replai^e  g  by  the  projier  value  ii,  of  the  at-ivleratiou  or  retarda- 
tion, ns  the  i?ase  may  reijuire. 

15.  Horizontal  and  Obliqae  Projection. — If  a  body  be  pro> 
jected  upwards  in  an  obli(]»e  direction  (AG.  Fig.  iX  by  reason 
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of  inertia,  it  would  move  on  in  a  straight  line  with  the  velocity 
of  projection,  describing  equal  distances  AB,  BC,  CD,  etc.,  m 
e<iual  times,  were  it  not  for  the  action  of  the  force  of  gravity. 
Gravity,  however,  acting  on  the  projectile,  draws  it  downward 
in  such  manner  that  during  intervals  of  time  to  each  other  in 
the  ratio  of  1 :  2  :  3  :  4  :  .  .  .  it  describes  the  spaces  B6,  Cc, 
Dd,  Ee  ,  .  .  which  are  to  each  other  in  the  ratio  of  the  squares 
of  the  times,  that  is,  in  the  ratio  of  1  :  4  :  9  :  16  :  .  .  .  ,  so 
that  the  curve  Ahedefg,  represents  the  actual  path  of  the 
projectile.  The  prqjeeied  body  is  called  a  projectile,  and  the 
path  it  describes  (Aicdefg),  a  trajectory.  Such  a  curve  as 
the  above,  whose  separate  points  are  found  by  laying  off  from 
the  points  of  a  straight  line  (AG),  the  parallel  distances 
(B6,  Cc,  "Dd  .  .  .  ),  proportional  to  the  squares  of  the  corre- 
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Fio.  4,— Oblique  Projection. 


Fig,  5, — Horizoutal  Projectkiu, 


spending  distances  (AB,  AC,  AD  .  .  .  ),  measured  from  the 
starting  point  as  origin,  is  called  a  parahola.  The  path,  or 
trajectory  of  a  body  thrown  obliquely  upward,  consists  of  a 
rising  (A(2)  and  a  falling  parabolic  branch  (dy)  equal  to  each 
other,  and  traversed  in  equal  times.  The  range,  i.e.  the  distance 
{Xg)  at  which  the  body  again  strikes  the  horizontal,  plane 
passed  through  the  point  of  projection,  is,  for  any  given  initial 
velocity,  a  maximum,  when  the  body  is  thrown  upward  at  an 
angle  of  45"  with  the  horizon.  When  a  body  is  projected 
horizontally,  it  describes  the  descending  branch  only  of  a 
parabola  (A/*,  IMg.  5),  and  reaches  the  earth  at  f  in  the  same 
time  as  would  be  consumed  in  falling  freely  from  A  to/.    This 
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in  lit  once  dear  from  the  cut.  The  jtatabolic  shape  of  the 
trtijovtory  may  be  seen  in  miiterial  form  witlt  jvts  uf  wnter 
rtnwiii'*  from  orillt'es  in  the  sides  of  ves^seln.  The  imralmliir 
form  of  the  curve  ussuinud  by  the  insuing  jet  miiy  l»e  proveil  by 
meactiiriug  itaoo-oTdinates  at  various  poiuts.  By  this  agreement 
of  the  lactti  of  exporionro  with  infercnires  fmm  fundamental 
principles,  the  correctness  of  the  principles  is  confirmed  anew. 
It  hag,  of  course,  been  assumed  in  deriving  these  laws  of 
prujoetion,  that  no  approeiablo  hiudrancn  to  the  motion  of  the 
projt^etile  occurs.  A  budy  projected  into  the  air  is,  however, 
expowd  to  atmuspherie  resistance,  which  in  case  of  such  high 
velocities  iLs  an!  pnxluced  with  heavy  gUDB,  becomes  of  con- 
nidcmblo  importmico;  aud  in  such  a  case,  the  body  is  de- 
(iecteil  from  a  purely  parabolic  path  into  a  somewhat  different 
I'ur^'e   falling  more  abruptly   than   it   riiiet),  am)   tilled   tiie 

16.  Quantity  of  Motion — Shocks. — Since  the  acceleration  a, 
imparted  by  a  force/,  to  a  mass  m,  is  a  =  "^ ,  we  may  introduce 


m 


Ibe    force    and   the  moss  into  tbo  equations  of    uniformly 
plerttte<l  and  retarded  motion  of  J  8,  by  merely  replncinp 

by  -  in  them.   Laws  (1)  and.  (3)  of  the  uniformly  accelenitud 

motion  of  a  mass  m  under  the  action  of  a  couNtant  force  /,  an* 
then  exprcaeed  by — 

(I)  ««■=/(;     (;j) /d  =  ifl»t^. 

t^juation  (1)  expresses  the  principle,  that  the  product  uf 
ilie  muss  moved  into  the  velocity  attained,  equals  the  pi-oduet 
i>f  the  constant  force  into  the  time  during  which  it  acts.  The 
{>p)duct  of  the  raARS  of  a  body  into  it^  velocity  i<t  called  its 
qxuxntity  of  motion,  or  its  moinenttim.  Tlie  product  of  tbo  force 
into  the  time  is  de^^i^niited  the  impulse  of  the  f'lrce.  We  mav 
now  say  "  the  imptihse  of  the  form  eintah  tht  momenium  produced." 
If  the  force  acts  upon  a  body  only  during  on  immcasnrably 
mall  time,  it  is  called  an  tinjiihtve,  or  an  t'nstanlanemu  force, 
Vra  shock.  It  is  im|JO!«ible  to  detennine  the  magnitude  of  an 
impulsive  force,  but  we  judge  of  it  by  the  quantity  of  nction  it 
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will  prodiioe.  Siicli  n  fi)n-'e,  ineftsurod  according  to  tins  staiidaid, 
is  iu  reality,  not  a  force,  but  au  impulst-  of  the  <UmenyioTi 
«m.-}»,-8et;.''.  The  body  sot  in  motion  hy  the  impulse,  imjceeds 
with  the  velopity  v  imparted  to  it,  iinifiirmly  and  in  a  straight 
line.  8U  Iuu(;  as  no  oilier  forces  o{>erate  u\tou  it.  The  pressure 
of  the  gases,  libcrutcd  by  exjdodiiig  gnu-powder,  acting 
forward  against  the  hall  and  witii  eijual  Htrenglh  Inurknanl, 
during  the  same  small  interval  of  time  against  the  gun,  is  an 
exauipio  of  im[)iiliiive  fortje.  Both  gun  and  priijectilc  receive 
equal  impuUoi,  and  hence  their  momenta  are  bIko  eiiiial.  Or,  if 
m  and  m'  he  their  rositeotivw  uiaHses,  v  uud  if  their  corre- 
sponding veIocitie.t,  vtv  =  m'v',  ur,  the  velocity  of  the  boil,  ami 
that  of  the  gnu  ore  inversely  aa  the  reajKictive  manHCs. 

17.  Work.— Wliou  a  force,  acting  upon  a  mass,  sots  it  in 
motion,  the  force  is  said  to  do  work,  and  the  result  of  itsaction  is 
called  work.  To  raise  the  weight  of  one  kilogram  one  meter 
high  re(|nire5  the  performaace  of  a  definite  quantity  of  work. 
Twice  as  much  would  obvionsiy  be  requircil  to  ritise  this 
kilogram  two  nietcis  high,  or  to  raise  two  kilograms  one  meter 
high,  and  six  times  as  much  to  lift  three  kilograms  two  meters 
high.  The  work  performed  is,  accordingly,  on  the  one  side, 
diroctly  proportional  to  the  resistance  orert'ome  or  to  the  equal 
force  exerted  in  overcnining  it,  and,  on  the  other,  directly  pro- 
portional also  to  the  distajice  traverseil  in  the  direction  0/  tJit 
force.  If,  then,  we  choose  as  the  unit  of  work,  the  work  per- 
formed by  the  unit  of  force  over  the  unit  of  difltaJice,  all  work 
is  expressible  as  the  product  of  the  force,  or  the  resistance 
overcome  by  it,  into  the  distance  along  which  it  oats,  lu  the 
practical  Kystem  of  units,  the  Itilogrammieter  (kgm.)  serves  att 
unit  of  work  ;  hut  in  the  absolute  system,  the  «r</,  or  the  work 
performed  by  the  force  of  one  dyne,  operating  through  a 
distance  of  1  cm.  is  used.  Its  dimension  is  cin^-g-sec."*.  One 
kilogrammeter  is  equivaleut  to  98,100,000  ergs. 

In  tranafurming  forcem  into  work,  the  question  is,  not  alone 
whether  work  Li  dune,  but  also,  in  what  time  is  it  aeeumplisbed  ? 
The  work  dune  in  one  sec,  is  called  the  e^/^ct  of  the  force.  In 
actual  practice  with  machinery,  a  larger  unit,  the  koree-pwcer,  is 
used.    It  is  equivaleut  to  the  work  of  75  kgm.    A  struug 
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mui's  power  to  ilo  work  is  roughly  estimated  to  bo  from  ^  to 
J  of  a  hore«-power.  la  tbe  absolate  system  of  unite,  the  unit 
of  effect,  i.e.  the  erg  per  sec.  (dimension  cm*-f:f-soc.~^),  or  tbe 
larf^er  unit,  the  Wntt,  eqnalinK  10,000,000  orgs  per  sec  = 
.\,^  horse  ponder,  is  Bouietimeti  used. 

18.  VU  viva,  or  Liviny  Pore*. — In  the  equatjim  (3) — 
/a  s=  imr",  the  left  member,  being  the  product,  of  a  force  into 
a  distance,  is  merely  the  work  performed  by  tbe  force.  In 
words,  ibis  eqnatioti  asserts  that,  if  the  mass,  m,  is  moved  fruai 
rest,  through  thi-  distance,  s,  by  a  conHtaut  force,  and.  at  tbe 
end  of  this  distance,  has  attained  tbe  velocity,  v,  the  work 
performed  by  thi«  force,  eqiml:^  the  half  product  of  the  mass 
into  the  square  uf  the  velocity  acquired. 

Amoving  maas  bos  the  power  to  overcome  a  certain  reaistance. 
•.«.  to  overcome  a  force,  f,  acting  through  a  certain  distance  »', 
in  a  direction  opixi-Hed  to  the  motion,  aud,  if  tho  opposing  force 
remain  constant,  the  m&ss  a^suiues  a  uniformly  retanled  motion, 
ciiming  finally  to  re«t.  From  the  law8  of  uniformly  rotardod 
luoliou  of  §  14.  wo  leani  tliut  u  ludy  having  an  initial  velocity  v, 
conies  to  rest  after  having  dcnrTrihci]  the  di»tuiioe 

vham  a'  denotex  the  acceleration  opposed  to  its  motion.     If  in 
this  equation,''-  Iw  substituted  for  a',  there  results, 
(3')  f,'^^^, 

or,  iu  Words,  the  work  which  the  moving  mass  is  capable  *>{ 
performing,  if  ullowcd  to  operate  against  a  reaiatanco,  f,  until 
its  initiiU  velocity,  r,  is  exhaiuited,  e<|ual8  the  half  product  of 
the  ma.*s  into  the  srpiarc  of  ibo  initiul  velocity. 

If,  miw,  principle  (3*)  be  compared  with  (3),  it  is  at  onoo 
Men,  that  the  work  a  cfmstatit  force  must  perform  to  impart  to 
a  mass  in  repose  a  definite  velocity,  is  exactly  equal  to  the 
work  this  mass  can  do  in  overcoming  resistance,  by  virtue  of 
thin  vehw-'ity.  l»fore  the  liodv  oome«  to  rest.  Xhia  is  manifest 
from  the  fact  that  t)i)th  ijtiantities  of  work  are  represented  by 
the  same  exprewiiun,  vix.  the  half  product  of  mass  and  square 
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ii(  Telocity.  The  expression  imw"  was  fotmetly  cftlled  theUrinti 
forw,  or  kinetic  energy  of  tho  moving  muse,  and  this  Wrm,  fts 
also  tho  term  via  viva,  are  still  apjilied  to  it. 

The  pTfiposition  just  statcil  is  T«iid,  not  only  for  coDetant 
I'oirBS ;  it  is  oqimlly  true  for  any  viiriablfi  force,  since  such  a 
l'orr;e  may  be  regarded  a^  vonstttiit  during  miilirieutly  sWrt 
ititerv&lM  of  time,  and  changing  only  nt  the  4>nds  uf  these 
intorTaifi.  'I'ho  work  of  a  viirialdo  i'orre  is  oxproiued  hy  the 
pMiluct  uf  its  instantanetjufl  iiitoiii^ity  into  the  short  dbtanoe 
traversed  duriag  this  brief  interval.  The  work  iieriormed 
daring  any  given  interval  of  time  is  the  sum  nf  these  small 
products,  and  is  always  efjiial  to  the  half  pnidnut  of  the  uiaas 
moved  and  the  square  of  the  tinal  velority.  Tho  ajtsuiiiption 
that  tho  body  proceeds  from,  nml  retuni.s  to,  tiio  cimdilion  of 
repose,  13  not  eitiwntial  to  tho  validity  of  thiti  jinijHJiiitioii.  For, 
granted  that  the  body  proceed  Irom  a  state  of  rest  under  the 
influenoe  of  force  /,  through  tho  disteuw  «,  and  attain  in  the 
lueantime  the  velocity  v,  and  then  that  it  procRed  farther 
lo  a*,  having  attained  the  velocity  i/,  we  have  /»  =  Jwii^  and 
/b'  =  ^viv'*,  and  conse<|uently  also  /(s'  —  »)  =  4wi(i/^  —  »'"),  or, 
the  change  in  vis  viva  et\\w,\s  the  change  in  work. 

Vr'e  may,  thoe,  consider  a  moving  tnaifti  m*  a  maguziiie,  so  to 
8pcak,  in  which  the  work  necessary  t<>  set  it  in  motion,  ni-  to 
augment  its  velocity,  is  stored  up  and  may  bo  drawn  nymn  at 
will,  without  either  loss  or  gain,  to  do  work  against  resii^tanee. 

19.  Energy. — The  jMiwer  of  a  body  to  do  work  is  t-alhtd  it.-t 
ettergy.  It  is  expressed  by  the  (juantily  of  work,  nioasiirod  in 
vrork-unitfi,  which  a  body  ia  capable  of  giving  ^put.  Tho  vi* 
vwa,  which  resides  in  a  moving  body,  is  energy.  Bnt  energy 
in  poflsemed,  uot  alone  by  moving  bodie.<<.  UiMlic»  at  rest  may 
also  possess  iu  If,  for  example,  a  stone,  projected  upwanl,  be 
caught  by  the  nicif  of  a  Imildiiig  at  the  higliest  jMtint  of  its 
path,  the  stone  has  lt>it  itii  motion,  but  not  its  capability  of 
irarforming  work,  and,  consequently,  not  il»  energy.  For,  when 
the  etone  is  released  from  its  tiupptirt  and  iillon-od  to  fall  to 
earth,  it  will  icaeli  the  earth's  surfaoo  with  the  same  vehicity, 
and  consequently  with  tho  same  vi$  viva,  which  it  possessed  at 
the  instant  of  its  vertieal  projection.      It  is  now  capablf  of 
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performing  jiist  a«  mnch  work  as  was  exjiemled  U[if>u  it.  The 
wiergy  resi^ng  in  tlie  stone  lyiug  nuietly  uik»u  the  roof,  anJ 
Jered  apparent  iltiring  the  fall,  is  due  to  the  bcxly's  elevated 
ntion  or,  iu  other  words,  to  the  circii  instance  ihnl  the  stone, 
wheu  on  the  roof,  was  further  from  the  earth  which  attracts  it 
than  H-hen  lying  upou  the  earth's  surfm-e.  This  capability 
of  performing  work,  jitored  uy,  as  it  wi?re,  in  a  Itody  at  rost,  i» 
called  its  ener^i/  of  position,  or  potential  energy.  In  oontra- 
distinctioD  to  this,  the  vis  viva  of  a  innriug  hodv  is  called  its 
»netyy  oj"  motion,  or  its  kiit^di'  encvciy.  'J*he  work  oxpenUed 
in  bending  a  crossbow,  is  stored  up  as  potential  energy  in  the 
stretched  curd,  and  in  reudy  at  «  finger'^  touch  td  lie  Iramrormed 
into  the  kinetic  energy,  or  the  via  vivu  of  Iho  Hying  arrow. 
The  work  performed  by  the  hand  in  winding  n  clot'k  ]iassPK 
into  the  iipring,  or  weight,  as  potential  energ)-,  ami  remains  in 
this  Ktate  sti  long  as  the  mechaai8m  is  prevented  Irom  running. 
•So  soon,  however,  as  the  impediment  to  motion  is  remo^'e<l,  this 
potential  energy  begins  to  be  gradually  transformed  iuto  the 
kirietio  onergy  of  the  nuiving  wheels.  Hy  the  latter  illustration, 
we  see  also  why  energy  uf  position  h  aim  sometimes  called 
Imawn.  [f  a  stone  is  thrown  upward,  tin-  oppi^ing  force  of 
gravity  diminiahes  its  velocity,  but  what  is  lost  in  kinetic 
vnergy  during  accent,  is  gained  in  |>otential  energy,  until  the 
highest  point  of  flt;^ht  is  reached,  at  which  the  velocity  is 
i^uistiinod,  and  the  entire  supply  of  kinetic  is  trausfuriued  into 
|H»leutial  energy.  When  the  stone  begiaii  to  deitt-end,  it  starts 
with  a  (|iiantity  of  potential  energ}'  equal  to  the  initial  vi»  viva. 
The  further  the  stone  fulls  the  smaller  grow.x  its  potential,  and 
the  larger  ita  kinetic  energy :  hut  everywhere  the  sum  of  the 
iieo  it  the  $ame.*  At  the  itutant  of  striking  the  ground.  Us 
[utential  is  wholly  reconrcrted  into  kinetic  enorg;*,  the  quantity 
of  which  is  again  precisely  equal  to  the  initial  viJue.  The  sum 
tutal  of  tlie  energy  uf  the  stone,  i.e.  the  Num  o(  iui  energy  of 
motioQ  and  of  position,  remains  unchani^l  during  the  entire 
jieriod  of  motion.  What  airtnully  ha]q>cned  nan  merely  the  con- 
version, without  toss  or  gain,  of  one  sort  of  energy  into  the  other. 

*  Kur  from  i^qtiaiious  (14)  mtfi  +  }mi^  «  («•«>,  whon  tq^  s  fia  h  tht 
|<oMntial  «Mi8y. 
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Let  iw  now  iiiqnire  what  becomes  of  tlie  energy  of  tlie 
BtonB  on  striking  the  earth,  uinl  instflntly  coming  to  a  stat*  of 
tort?  The  enerfiry  of  its  visible  fall  is,  of  courai?,  destroyed  al, 
the  instant  of  striking  tlie  j^pound.  Tt  has  been  ascertained 
that  whonerer  energy  of  motion  is  Bippftrently  destroyed,  mtlier 
hy  a  miildeii  iraimlse  or  liy  the  prolonged  resistance  of  friction. 
a  rise  in  the  teniporatute  of  the  body  (M-ciir».  A  csnnon  ball, 
for  example,  fireil  against  a  plate  of  ariuonr,  is  heated  to  glow- 
ing, and  the  stopping  of  a  moving  train  by  brakes  heats  both 
brakes  and  wheel.  Jotile  anil  Hirn  have  proved  by  experiment 
that  for  ever)-  424  unit**  of  work,  or  kilogram  motors,  which  diB- 
Bppear  by  Rhoek,  or  by  friction,  a  (piaiitity  of  heat  sufficient  to 
rtiise  the  tomperatiiro  of  water  1"  Centigrade  is  produned. 
Jf  this  quantity  of  heat,  called  the  heat  unit,  l>o  properly 
titilized,  it  yf\W  ijecfurm  again  42-i  kgm.  of  work.  This  424- 
kgm.  is  designated  the  mf^hanieai  equivalent  of  heat.  The 
ttunslontiation  nf  work  inUi  heal,  a«  also  the  converge  process, 
is  readily  intelligible,  on  the  a-ssumption  that  heat  is  a  kind  of 
motion;  that  it  w  a  motion  of  the  moleniles  of  bodies,  which, 
by  n-RjMm  of  the  excessive  smallness  of  the  partiiiloH,  is  not 
perceptible  to  the  eye.  This  motion,  however,  does  produce 
an  impression  upon  our  consciousnests  and  this  mpr«a*io%  «m 
eall  hiiat.  When  the  energy  of  apparent,  or  mass  motion  of 
a  body  is  seemingly  rU'^troyed,  cither  by  shock,  or  by  Motion, 
it  does  not  in  reality  vaiiish.  hut  is  merely  transformefl  without 
either  loss  or  gain  into  the  energy  of  invisilile  or  mnloeolar 
motion,  ealled  beat.  Energy  ran  be  neither  destroyed  nor 
created.  A  fio-called  per|)etual-motiou  machine,  thot  u,  «» 
apparatus  whieh  may  perform  more  work  than  it  consumer,  is* 
therefore  an  impijaaibility.  AH  the  procewiea  of  nature,  in  which 
energy  seems  to  vanish,  rest  merely  u|iijn  the  transformation  of 
the  energy  of  one  mode  of  motion  into  that,  of  another,  or  more 
briefly,  upon  the  Iransformution  of  the  oiiorgy  of  motion  int«> 
that  of  position,  and  conversely.  Consequently,  the  entire 
supply  of  energy  in  the  universe  is  always  the  same.  This 
fumiamenttti  law  of  nature,  wliich  is  confirme<l  hy  universal 
experience,  is  failed  the  principle  of  the  eoaasrvaiian  ftf  enerffij 
(liobert  Mayer.  1842 ;  Helmholz,  1847).     It  has  alno  l)een  less 
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Bp|m)jiriately  rtillo*!  tho  principle  of  the  coneervation  0/  j'orM. 
Inasinucb  as  the  trsnatbrmation  of  all  the  various  forms  uf 
tiatiira]  eiier^^y,  such  tut  soiintl,  lieftt,  light,  elentricity,  cheiini'al 
nflinity,  oliisticity,  and  mechanical  energy,  conform  tu  thU  law. 
we  are  letl  to  rogord  thom  simply  as  lUiTerent  mnnifeittatious  of 
oao  and  the  same  esscnco,  Rei^ofjnizing  thiw  their  intriusio 
relatiuiiithip,  we  are  in  a  cortaiu  sense  justified  In  speaking  of 
the  unity  of  the/oreas  of  nature. 

20.  Oompoiition  of  Motions— Parallelogram  of  ?oroei. — 
BiipjHMu  H  ship  to  be  at  A  (_l'"ig.  Oj,  nair  thu  Imnk  of  n  river.aiid 
that  Juring  a  certain  interval  of  time, 
the  winilactii)<ja^inst  its  aails.  drives 
it  from  A  to  a  point,  C,  on  the  opposite 
shore.  Suppose,  also,  that  during  this 
stone  time  it  would  be  carried  by  the 
force  of  the  current,  acting  alone,  from 
A  U>  B.  IS,  now,  both  those  forces  act 
contemporaueously,  that  of  the  curreat,  wholly  undisturbed 
by  tliat  of  tho  wiud,  will  carry  the  ship  tlirough  the  distinii-e 
AB,  which  it  wonld  traverse  by  virtue  of  the  current  alone, 
Irom  the  line  AC,  over  which  the  wind  alone  would  carry 
it,  to  the  line  through  It,  parallel  to  AC.  At  the  same  time 
the  ship  will  be  carried  by  the  wind  from  the  line  AH,  which 
it  would  deiH'Tiliu  by  Yirtue  of  the  current,  in  tho  direction 
of  tho  wind,  toward  tho  oppositn  shore,  to  tho  lino  CD,  diawu 
through  C  parallel  to  AB.  This  principle,  by  virtue  of  which, 
when  a  b<Hly  is  acted  upon  by  any  number  of  forces,  each 
force  pnxlui-es  its  eflect  imleiwndeutly  of  all  the  rest,  is  known 
an  the  ■priiiciph  of  independence.  At  the  end  of  the  time  the 
ship  niimt  therefore  l>e  at  tho  point  It,  nt  which  the  puralleU 
UL>  and  CD  intersect.  If  we  witih  tu  ci.>iisider  the  place  of  the 
ship  at  any  intervening  instant,  wo  need  only  remember  that 
if  the  two  siiporposed  motions  are  of  tho  same  kind,  a.y.  if  both 
are  uniform,  or  both'  uniformly  accelerated,  the  body  remains 
continually  ujmju  the  line,  AD,  or,  that  it  traverses  the  diagonal, 
Al>,  of  the  [larallelijgram,  AUCl),  determined  by  the  tno  jtaths 
AUaud  AC  and  the  included  aDf;l«  BAC.  The  ship  moves, 
Iherefore,  precisely  as  if  it  were  driven  by  a  wind  from  A  to  D 
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upon  the  smoolli  siirtiice  of  tlie  sett.  iSnch  h  wine]  ntight  tiien 
replace  tlie  two  simultaneous  forces  completely.  Kintw,  witli 
the  mniit  Iciiul  of  mutioiit),  the  yclucities.  aotH'k-rations,  and  the 
forcee  themselves  are  ia  tlio  saxae  rtdio  m  tlio  distances  traversed 
in  cqtiftt  tiinetj,  tlio  iamo  i^npliioiit  metlidd  niflv  lie  used  for  the 
fcjm position  of  these  magnitudes  ns  the  oue  just  outlined,  jiro- 
videil  the  I'orres  he  rejireaentetl  in  niagtiitiide  and  dimcliou  l»y 
straight  lines.  We  are  thns  led  to  the  proposition  of  the 
paitxlMoijram  of  fortra:  twi>  I'urcps.  railed  compotumtt,  fiY\i\ie/^ 
at  any  point,  aud  actiu)j  at  any  luijilc  with  tespoct  to  caeh  other, 
may  Iks  replorcd  Ky  a  single  force,  polled  a  rffultaut,  repre- 
senteil,  in  magintiide  and  direction^  by  the  diagonal  of  the 
parallelog^m,  constmrted  upon  the  components  as  sides.  We 
need  only  rrpeiit  this  same  mwle  of  constnictinn.  to  comp«mnd 
any  iiundwr  uf  (orres,  wTtiiig  upon  tiie  Ranie  point,  into  a  sinfilo 
lesnlttint.  We  merely  compound  the  third  foreo  with  the 
resultant  of  the  litst  two,  t\\p  fourth,  with  the  resultant  of  thf 
tirst  three,  and  so  on  lncleliniti>ly.  The  prineiple  embodied  ill 
ihiM  cuii.stnirtion  is  known  as  the  iwlyijoti  i>j' force.*. 

The  abfivB  pnifHisiliim  leachct  us,  fnrthiTuioro,  ho»  tn 
de<Tom])iiKC  u  givL'ii  finri'c,  Al),  into  two  oiriupoiicntH,  AC  and 
AB,  which  together  produce  the  samo  effect  a.s  the  single  force. 
It  is*  only  nece.'wan'  to  draw  a  [Mirallelogrnm  whose  diagonal 
represent,*  the  given  fiitee.  Hince,  however,aii  iudetinite  nnmljer 
of  parutU-lognunn  mny  lie  tiinstnu'tcd  upon  a  given  diagonal, 
ihi:  prolilem  is  indctfriuiuBte  uuleas,  I'ither  tin;  dirt-ctioiis  of 
both  conijx>iieDts.  or  both  the  magnitude  and  direction  of  ooe 
of  them,  be  aUo  given. 

The  tendoiK-'y  to  niolion  along  the  diBgimal,  AD,  prodnwd 
by  the  component  forL-e-t,  .VJi  ami  AC  in  overL-uiue,  or,  speaking 
teclmirally,  equilihrhtm  m  established,  if  a  force  be  made  to  act 
upon  A  ctjualaud  upjiot^itelotlie  resultant,  AD.  We  may,  then, 
regard  any  one  of  the  three  forces  as  the  reversed  K'suUant  uf 
the  utlier  two.  i^ueh  eipiilibriiim  of  the  thre«  forces  is  auto- 
luatioally  erttubltMhfjd  by  means  of  tJie  apiieratns  roproseuted 
schematically  iu  Fig.  7. 

Near  the  top  uf  each  of  two  vertical  jwstjt,  lixed  rigidly  to 
a  wooden  ha.'^e.  is  an  adjustable  aheave^  which  may  he  lixed  at 


.vuriox. 


:il 


m 


1 


any  desired  height.    A  siring,  ou  which  a  cord,  a,  slides  easily 

luwonl  Iho  right  or  loft,  works  over  these  sheaves.     It"  now, 

weights  be  hiin;^  el  the  ends  of  the  cord,  m  also  on  the  rinjr,  the 

weights  al  the  sides  draw  «bli«inely  Hjmanl  at  «,  and  give  a 

resultant  dinN-t«-d  TcrtitialLy  u]>' 

wftr<J,  whirb  the  niiddln  woifiht. 

palling  v(*rti«-'ally  downwanl,  will 

hold    in    efinililirinin.      If,    for 

eismple,  threo  hectuj^mi*  (Tig.) 

be  hiiug  al  tb«!  Ifl't  end  of  the 

iwtrd  and  fmir  at  the  right,  when 

Jive    bgx.   are   altai'bcd    at    the 

middle,   wo   find,  on  drawing   a 

liamllelogrnni    uhiise    Bideit    are 

three  and  fniir.and  wliosediagcpiial 

id  five,  llml  thf  sides  ent-losti  a 

rigbt  angle,  and  that,  tu  puiut 

vf  faet,  the  two  parts  of  the  htritig 

mevl  at  riglit  angles  at  a-    For 

other  weigbis,  then-  wmild  r<>i)uU 

other  angles,  all  ut  wliicb  wonid 

be  fimnd  Ut  agree  with  thuse  obtained  by  geometrical  constnic- 

tiun.     Oi  this  ugteement  one  may  easily  con^'ince  himacll',  bv 

placiug  the  ]iaralle!ogTam,  drawn  on  paper,  with  Us  diagonal 

verti<!al  BuU  in  the  prolouguLiuu  of  Iho  »iu[iending  eor<l  at  a. 

Jloreover,  tlio  place  of  a  point  can  alwavH  be  found  W 
iVDKtructing  a  [larallelogram.  even  when  the  motiowt  are  unlike 
in  kiud,0.y.  vtheiL  a  uniform  and  a  uniformly  accelerated  motion 
are  coiupimuded.  Tlie  only  ilifl'erence  between  tliis  eaMt  and 
the  former,  is  tliat,  in  the  tatter,  the  point  will  describe  u 
curvilinear  path  in^li>»d  of  the  diagonal  of  a  parallelograin. 
This  fact  ig  apimrent  iu  the  ]ibenomena  of  the  motion  of  pro- 
jeiclib-s.  A  projeclile  iii  a  body  wbosd  motion  ui  eonipouudod  ' 
of  a  nniforin  niotiuu,  due  to  un  initial  impulse,  and  a  unifomilv 
acoulonJuiI  motion,  duo  to  the  continuous  ai:tiuu  of  the  furre  of 
the  G«rth'»  attriu!tioii  on  the  body.  It  was  iu  the  stndy  of  tlie 
taction  of  projectile*  that  the  principle  of  iude|>cndcnce  nns 
lirsl  re«ognii!«I. 


Pie.  7. — Pwallelofnm  of  Korora. 
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21.  Kotion  und  Eqailibrioia  on  an  Inclined  PUne. — A.s  an 
example  of  the  appUeatiuii  oi  the  jmnoiplo  of  the  pamllelofiraiii 
of  forces,  let  ub  tirst  cunsitler  the  behaviour  uf  u  heavy  biwly 
upon  a  plane  inclined  to  the  horizon.  Take  the  plane  of  tli>o 
drawing,  perpendiciilar  to  the  intersection  of  the  inclined  piano 
with  the  plane  of  the  horizon.  This  2>lane  of  the  dniwiug  will 
intersect  the  incHnetl  plane  la  the  Btraig;ht  line.  AT!,  wliicli 
makes,  with  the  borizimtal,  AU,  the  aiij^le  «.  A  perpendicular, 
BC,  drop]ied  from  imy  point,  B,  of  the  iucliued  plane  iijun  the 
horizontal,  i.«.  the  aide  oppoaito  the  auf^le  a  in  the  triangle, 
ABC',  is  called  the  height  of  the  inclined  plane  {h).  The 
g  hypothemise,  AJ5,  is  called  its  length 
(0,  and  the  side,  AC,  adjacent  the 
an};ie,  a,  w  the  hate  {b).  Since  motion 
can  occur  only  in  a  direcLiou  parallel 
to  the  inclined  ptiuie,  we  will  de- 
compose the  force.  Q,  actiiip  verti- 
cally downwards,  through  the  contro 
of  gravity  of  the  body,  thai  is,  the 
body's  weight,  into  two  components  pcrpondicnlar  to  each 
other;  the  one,  the  force,  1',  parallel  to  the  plane;  the  other, 
the  normni  force,  N,  peri>eudicii!ar  to  it.  J-Iach  of  tlie  riglit- 
ungled  trianglpB  into  which  the  parallelogram  is  divided  by 
the  diagonal,  Q,  is  similar  to  the  triangle,  AHC',  or  Ihb,  and 
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Via.  8.~liicllticd  Planu, 


we  have — 


P :  Q  =  ft  :  ?,  and  N  :  Q  =  6  :  /. 


tlukt  ifl  to  ay,  the  parallel  force  is  tu  the  weight  of  the  body 
U  the  height  of  the  plan«>  \»  to  it»  length ;  and  the  noDiial 
force  is  to  the  weight  bh  the  base  Is  to  the  length.  The  com- 
ponents resnlt  from  thaw  proportions  as  follows — 


P  =  Q.^'  =  QBino; 


N=Q.^  =  Qco8«. 


Each  of  the  components  is  smaller  than  the  weight  of  the 
bo<ly,  because  in  r  right-angled  triangle  either  leg  is  less  than 
the  liypothennse.  The  ratio  of  the  height  to  the  length  is 
called  the  W>e,Hnd  in  nsHally  expre^^ed  in  per  cent.,  the  length 
being  put  equal  to  lUU. 
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The  normal  force  N  preeseo  tlio  b^wly  ugainsi  tbe  plane, 
and  is  neatralized  by  tbe  renotioii  of  the  plane.  Neglecting 
friction,  or,  tecbuically,  regarding  the  plane  as  amcoth,  this  force 
oxercUes  no  inHuence  xrbateTer  up(;n  lb«  motion.  The  ^Ktrallel 
force,  on  the  oontrorv,  causes  the  body  to  slide  down  the  plane 
with  anifonuly  accelerated  motion,  and  with  au  accelemtion  *^, 
which  is  to  that  of  a  freely  falling  body,  g,  a^  P  h  to  Q,  or  its 
hi»to  I,  and  consequently, 

^  sg.j  =  ffsma. 

TIh)  (liittauoes  traversed  during  the  time  t,  along  the  plaau  and 
in  cMe  of  bee  fall,  are  tn  eiach  other  rei^pectively,  as  g'  to  g,  or 
as  A  to  t     If,  now,  we  drop  from  €  (Fig.  9)  the  |)erpendicular 
CD    upon    AB,   BD    wUI    be 
tMversed   in   the   same  time 
iBC,  because 

BD  :  BC  =  A  :  /. 

If  aciroiimference  be  described 

Upon  BO  as  a  diameter,  it  wilt 

cat  AB  in  X>,  and  hence  it 

follows  that  the  chord  HI),  aa 

also  the  etiital  and  parallel  chord  CD',  will  be  traversed  in  the 

aauit*  time  as   the  diameter  BC.     We    may,  therefore,   state 

generally,  tbnt  the  vertical  diameter  of  n  circle  is  traversed  in 

the  same  time  as  any  choni  of  the  circle  drawn  frcjni  either 

of  itfl  ends.    The  velocity  which  the  body  attains  after  having- 

traversed  tbe  entire  length  of  the  plane  is  detemiine<l  from  the 

equation 

t^  =  2^1=:2g.^J  =  2gh. 

It  ia  thus  seen  to  be  the  same  as  if  the  liody  bad  fallen 
rerlically  from  the  heif^ht  h,  with  the  w<^Ieration  y;  for  the 
hitter  velocity  is  determined  from  precisely  the  same  etiiiati()n, 
p*  s=  2gk.  A  hodtf  sliding,  wUhcut  /netion^  down  an  inclined 
pJbrw.  aefum  the  aame  rtiooity,  and  emsfjumthj  alto  the  tama 
momminm,  a$  if  it  had  fallen  fredy  throwjh  the  tamf  vtrlieal 
hei^.    If,  then,  its  velocity  were  reversed,  the  body  woidd  riso 
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to  the  same  height,  or  to  tho  eamo  lorol,  whether  projec't^d 
VWtWAlly,  or  along  th«  surface  of  an  ifmlineJ  plane.  SiuL-e 
the  iiiereitse,  or  ilecrense,  of  mpinentum  ivh»^li  a  lioJy  (?\|»erii>iiee« 
during  its  fall  or  rise  Jejientls  only  iijntu  the  veriiad  height 
tiBversed  by  it,  thispropuHiLiou  mufit  ubo  hohl  for  either  ascent 
or  descent  m  curvilineur  jHttha. 

To  overcome  the  sliding  '.'f  the  weight  it  is  only  neceiwary 
to  cause  B  force,  equal  to  the  |)arallel  force  P,  to  aut  upwards 
along  the  plane  ami  parallel  to  it.  By  means  i»f  an  adjuKtahle 
mocJel  of  an  inclitied  plnne,  from  which  the  length,  height, 
base,  anil  angle  of  incliuatiun  ran  Iio  read  ufT,  the  law  P  :  ij  = 
h  :  I  niav  ho  cxperimentully  verified  by  atliuihing  u  string  to 
the  load  Q,  and  passing  it  upward  along  the  plane,  over  a 
shoaTO  at  the  top.  The  load  will  then  he  in  equiUhrlnni,  if 
the  weight  attat^hed  Ui  the  free  end  of  the  string  bears  the 
same  ratio  to  tlm  tund  as  the  liuight  of  the  plane  tu  its  length. 
If  the  parallel  force  whicli  ui--l.s  upward  along  the  plane  be 
alightly  inercaaod,  the  weight  will  uiuve  upwards.  It  is  there- 
fore raised  by  a  force  which  is  only  a  fractional  part  of  that 
required  to  raise  it  perpendicularly.  For  this  reason  the 
iiiulined  plaue  h  often  used  to  raise  and  lower  hoavy  loadH. 
wbea  the  force  at  command  is  not  snfficient  to  elevate  thoiu 
Yortically,  or  direi:tly  to  retard  their  dowmrard  motion.  Skids 
for  loading  and  unluudiug  tvagans,  hilly  roads,  railroads, 
etc.,  are  examples  of  the  inclined  plane.  No  Hork  in  ^aveil. 
however,  by  its  use,  for  the  work  along  the  plan©  (PI)  is  hy 
reason  of  the  above  proportion,  always  equal  to  the  work  (QA) 
required  to  elevate  the  load  porpomlicnlarly. 

32.  The  Screw. — It  may,  then,  bo  inquired  how  great  n  foroo 
(II,  Fig.  10),  acting  parallel  to  the  base  of  the  iuoliued  plane, 
13  necesBary  to  prevent  a  body  of  weight  (Q)  from  sliding  down 
it  ?  To  answer  this,  let  the  vertical  force  Q  be  decomposed  into 
two  oomponcnts,  oue  of  which,  H,  shall  bo  directed  horizontally, 
and  the  other  porpoudicularly  to  tUo  inclined  plane,  the  latter 
being  wholly  destroyed  by  the  roactioii  of  the  plaue.  In  the 
IMuallelogTam  (l''ig.  10),  the  right-angled  triajigle,  HQ,  is 
similar  to  that  which  repreaenta  the  ineliued  plauc.uud  we  have— 

H  :  Q  =  * :  J, 
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or,  ibe  liurtzotital  fume  i«  to  the  load  as  the  height  of  the 
plane  is  to  iu  lia^ta    From  this  results — 

H  =  Q.^aQ.tan«. 

A  force,  equal  and  opposite  to  this,  must  be  made  to  act 
upon  the  IkkI)-  to  hold  its  tendency 
lo  slide  doMTiward  in  equilibriom. 
This  mode  of  tipplying  a  force  is, 
however,  adratitu^eoiis  only  so  long 
as  the  angle  of  iucliuatiou  n  ia  less 
than  4o\  "With  higher  incUofttions, 
h  i»  greater  lluui  h,  aiiJ  con^qnently  ^ 
H  is  greater  than  <^ 
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This  jwrticular  mode  of  ai^tiim  of  a  fore*  fmdtt  pracUca,] 
a)>plicatiou  iu  screws,  which  itre  tuerely  inclined  planes,  wrapped 
arouDd  a  cylinder,  called  the  axie  of  the  screw,  and  f^ivea  the 
form  of  spiral  ])rojection»,  bounded  above  and  below  by  windinj: 
surfaees,  called  threa^e.  This  system  of  threads,  which  ore 
usually  rectangular  or  triau^ular  in  ttection,  6te  accurately  into 
a  corresponding  system  of  depressions  on  the  inner  wall  of 
a  hollow  cylinder,  called  the  nut.  The  distance  between  con- 
ttecutivD  threade  of  the  screw,  techuically  the  filch  of  the 
screw,  corresponds  to  the  height  of  the  inclined  plane  and  the 
circumference  of  the  axis,  to  its  base.  If  the  unt  be  fixed,  and 
a  force  he  apjdiod  to  the  axis,  when  in  a  vertical  position, 
at  some  point  on  its  circumference,  the  asis  will  be  elevated 
or  depressed  according  to  the  direction  of  rota.tion.  In  the 
former  case  a  toad  may  be  raised,  and  in  the  latter,  a  pressure 
may  be  exerted.  This  load,  or  pressure,  will  bear  the  same 
relation  U->  the  force  as  the  ciroumferencw  of  the  axis  to  the 
pitch  of  the  ecrew,  or  as  the  base  to  the  height  of  the  plane. 

In  the  foregoing  conclusions,  all  matters  relating  to  the 
resistance  due  to  friction  have  been  disregarded.  By  means  of 
this  resistance  the  scjew  is  held  with  great  force  by  its  nut. 
ti[Min  which  fact  depends  the  commercial  value  of  the  .■<crew  as 
ft  damp,  or  device  for  rigidly  tixjng  hoiJies  together.  If  the 
axis  of  the  cylinder  be  liuned  one  complete  revolution,  anil 


the  uut  be  fixed,  the  screw  advaucm  through  k  distance  equul 
to  its  pitch.  If,  ou  the  contrary,  the  screw  Is  fixed,  the  uut 
wlvaneea  this  same  distftn™.  If,  now,  the  screw  Ite  turned  rnily 
the  fractional  part  of  a  cinMimfereuce,  the  advance  will  anioimt 
Ui  the  same  froctioDfll  part  of  tho  pitch.  Ujmmi  this  principle 
rests  tho  use  of  fine  motion  scrows  tor  tho  occiirato  setting' 
of  ap{>aratiiB,  a^  also  the  application  of  the  car&fnlly  cut 
micrometer  screw,  to  nieasiirements  vrhere  extreme  accuracy  is 
requirad,  such  m  testing  the  ^h/I nation  of  acalo^  and  divided 
Hrcles,  OS  with  ptyxdvafiti^  engiii&t,  etc.  The  spltemmeter  is 
au  apparatus  for  moai^uriug  the  thickness  of  thin  plates,  and 
cotLsiKts  of  a  micrometer  screw  working  in  a  nut,  the  entire 
mechanism  being  supported  by  legs  terminating  in  steel  points, 
borne  upon  plate.s  of  glass.  The  endless  acrew,  consisting  of 
an  axis  nttb  but  a  few  threads,  and  without  a  uiit>  is  frequently 
osed  to  conunooicate  motion  to  a  gear  wheel,  into  whose 
teeth  its  thrcofls  engage.  The  force 
acting  on  the  circuniforenee  of  the  axis, 
exerts  upon  the  perimeter  of  the  toothed 
wheel  a  pressure  which  is  to  the  force 
acting,  as  the  circumference  of  the  axis 
to  the  pitch  of  the  screw. 

88.  Composition  of  Two  Forces  acting 
in  the  Snme  Plane  apon  Different  Faints 
of  a  Rigid  Body. —  If  tlir  diiectious  of 
any  two  forces,  P  ami  Q,  applieti  al 
different  ixiints,  A  niid  Ti  (Fig.  11),  of 
a  rigid  body  Interaoct,  tho  forces  may 
Ito  compounded,  according  to  the  prin- 
ciple of  the  parallelogram  of  forces, 
into  a  single  resultant,  K.  The  point  of  application  of  ouch 
force  may  be  arbitrarily  shifted  to  any  point  in  the  liirection  of 
thu  force  without  in  any  way  modifying  its  effects,  proridcd 
the  new  point  of  application  be  rigidly  fix©*!  to  the  old-  If, 
then,  we  displace  the  point  of  application  of  both  forces  to  the 
point  of  intersection,  C,  of  their  directions,  they  may  there 
be  rephioed  by  their  resultant,  R,  provided  C  is  rigidly  con- 
nected with  A  and  B.    The  resoltant  K  may  now.  without 
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iilteration  of  its  effect,  be  diaplocecl  to  any  point,  M.  situated 
oi]  its  line  of  action.  This  same  construction  boMs,  also,  even 
when  the  i)oint  of  intcreection,  C,  lies  outeiJe  of  the  body; 
because  any  i)oint  of  the  body  whatever,  lying  on  the  direction 
of  the  resultant,  may  be  selected  as  the  point  of  application. 

24.  The  Wedge. — -Ah  an  lUufitratinn  of  the  principle  of  the 
foregoing  pamgrnph,  the  wedge  (Fig.  12)  may  be  !^>]ected. 
This  iit  a  priHiu,  ulioHe  i-ross  section  iit  an  igosoeles  Irinngle,  and 
wh<»to  simrp   edge   may   Ul-  fon-ed   intti  a 

lnHly  to  be  split,  if  u  Huffieient  force  be 
applied  to  the  eurfaco  lying  (•pp«site  tbia 
edge  and  called  the  bach  of  the  wedge. 
The  resistance  of  the  body  to  be  split  U.> 
ibe  entrance  of  the  wedge  may  lie  repre* 
wnted  by  two  e({nul  forccji.  P,  applied 
jicrpfndirularly  and  Kynimctrif^ally  ii|ion 
the  facet)  of  the  vrcdgc. 

To  compound  these  into  a  single  resnltant,  R,  wo  replace  the 
point  of  application  of  each  in  its  on-n  direction  to  that  point 
■if  the  medial  line  of  tlie  triangnlar  cross  section  of  the  wedge, 
at  which  their  prolungfsil  ilirections  intersect.  If,  now,  we 
imiistriict  on  the  fonrcs  V,  the  parallelogram  abcb',  its  diagonal, 
ac,  repr«sent8  the  force  It,  with  which,  neglecting  friction,  the 
aodge  would,  so  to  speak,  bo  squeezed  out  of  the  body,  if  an 
equal  and  opposite  force  were  not  applied  to  the  back  of  the 
wedge  to  hold  R  in  equilibrium.  The  triangle  abe  is 
mndently  similar  to  the  triangle  ABC.  which  represents  the 
outline  of  the  wedge,  and  there  reaulta — 

n  :  r  =  AC  :  AB, 

Lh,  the  fonie  wbieb,  aetiug  ou  the  back  of  the  wedge,  holds  it 
in  ai|iiilibrium,  is  tu  the  opposing  resistance  as  the  back  of  the 
we«lge  to  ita  aitlo.  Consequently,  the  smaller  the  back  r)f 
the  wedge  is  in  oum)>aTiaoD  with  the  side,  that  is,  the  abariwr 
the  wedge,  the  smaller  the  force  neceasaiy  to  driTe  it  into  the 
body.  Many  of  our  cutting  tooU,  for  example,  knives,  hatcheta, 
planes,  chi^HU,  etc.,  are  illii^itrations  of  the  wedge. 

25.  FaralleL   Forces.— Ilie  method  of   compounding    two 


M 


EXPESmESTAL   PHYSW8, 


lorcea,  acting  at  dUforont  points  of  a  body,  as  it  w  cxplHineil 
ill  jiaragraph  2rl,  does  not  RiifHoc  when  the  directions  of  the 
forces  are  paralleL  We  will  miw  odnsider  this  vtisv  si![»«rately. 
The  horizontal  tjar  in  Fig.  lit  repre^-ient.s  a  mwlal  scale  of 
uniform  tbickues.-(.  luiil  eoDily  movable  alwut  nn  k\'w  through 
its  middle  point.  A  cord  wliicli  wnrlts  over  a  pulloy,  lixe<l  at 
tiie  top  «)f  an  upright  post,  carrioji,  at  one  cud,  the  bar,  together 
with  the  mechanism  lor  supporting  it,  and,  at  the  other,  u 


j: r   ¥    w 


Fir.  13— Pkmllpl  Ponjen. 


Bcalc-pan.  If  a  weight,  equal  to  that  of  the  lar  and  its  support, 
be  platted  uti  the  pan,  the  bar  hIII  remain  iu  equilibrium  in 
any  [xtsitiou.  either  horizontal  or  incline'l.  On  either  side  of 
the  middle  point  O,  and  at  erjUBl  distances  on  the  scale,  ore 
the  numbers  1,  1',  2,  2',  IJ,  ;V,  and  so  t'orlli,  near  which  i^eigbtit 
may  be  attached  by  little  hooks  provided  for  the  purpose.  If 
a  neigbt  p,  fay  of  20  g.,  be  bung  at  e<]ual  diataiicett  from 
the  middle  point,  for  example,  at  5  and  a',  the  scale  will  ribi-ate 
for  a  moment,  then  stop  and  stand  at  eqnilibriimi.  provided 
two  »eigbt.H  equal  t*>  p  be  pla^-ed  on  the  scale-pan.  Since, 
now,  tbe  force  2p,  acting  upward,  holds   in   equilibrium  the 
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combinod  on'cft  of  tlio  two  forces  uL  n  ani)  5',  both  directed 
doWRwnrd  mid  oac)i  cquiil  Ui  p,  tbi»  latter  elTect  must  be  equal 
to  a  sinpio  force,  2;;,  applied  ut  the  middle  point  O,  nnd  avtiiif^ 
downward.  It  ia  clear,  therefore,  that  two  equal  and  parallel 
forces  acting  at  different  points  of  a  rigid  straight  line,  may 
be  replttt.'nl  l>y  a  resultant,  parallel  ti>  tlieni,  equal  to  their 
win,  and  apjilied  at  the  centre  of  the  lino  connecting  their 
individnal  points  of  application.  If,  then,  six  forces,  each 
equal  !■»  p,  be  applied  to  the  scale  at  the  points  1, 1',  3, 3',  5, 5', 
it  n'ill  again  stand  at  equilibrium  when  a  weight  equal  to  6p 
ia  placed  in  the  scftle-pan.  This  will  become  apparent  nt  once, 
if  we  reflect  that  the  forces,  p,  applied  at  the  points  1,  1',  3,  ft', 
S,  5',  may  be  compounded  in  pairs,  each  pair  giTing  rise  to 
a  single  resultant,  acting  downward,  and  applied  at  the  middle 
|Miiut  O,  without  in  any  way  modifying  their  combined  effect. 
Ititt  we  may  also,  if  we  tih(H)RC,  divide  the  six  weights,^,  into 
two  nneqiial  groups,  one  coiiiiiHtitig  of  the  two  foreefl,  applied 
al  3  and  3,  sud  the  other  comprising  the  fonr  remaining  fort*ea. 
Ht  I,  r,  IV,  and  5.  Let  ns  now  remove  the  weights  at  3  and  5. 
and  hang  them,  one  underneath  the  other,  at  4,  •'.e.  midway 
lietween  ;i  and  5.  The  cquilihriitm  will  not  he  disturl)od  by 
the  rearraugoment  S?imiiftrly,  we  might  combine  the  weights 
at  I'  and  3'  and  at  1  and  5'  into  a  single  resultant^  applied  at 
a  |K)int  midway  between  them,  that  i»i,  at  the  |iotat  2',  without 
in  any  way  afieuting  their  combined  iL'»ultaut,  Gp.  acting 
always  at  the  middle  point  O.  The  force  4p,  at  the  distance 
2.  and  the  forco  '2p  at  the  distauce  4,  from  the  point  O,  give, 
therefore,  a  resultant  Up,  parallel  to  each  of  the  components 
and  applied  ot  the  point  O.  The  equilibrium  is  not  disturbed 
Mhcn  the  her  in  drawn  from  the  horizontal  into  any  other 
pt«ition.  It  is.  consequently,  immaterial  whether  the  parallel 
forces  act  perpendicularly,  or  obliqoely.  to  the  line  connecting 
their  points  of  applitaition.  The  following  principle  may, 
therefore,  be  stated: — 'I'heresuUant  of  Iteo parallel /orees,  actiu^ 
in  the  tam«  dinetion,  on  two  different  p^nts  of  a  body,  i»  paraUei 
tn  ih^fm,  nmilarhj  directed  and  equal  to  their  tvtiu  TU  point  of 
application  mil  divide  iheliua  conneetint^  ihepoinia  of  applieation 
of  the  individual  foTDet  into  le^ients  inversehj  proportional  to 
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tite  adja^^ent /orcea.    The  position  of  the  poiut  is  iuile|}eii(leiit 
of  the  direction  of  the  parallel  forces. 

If  a  tiunl  be  att»;hecl  to  the  scale  at  the  point  4',  and  ]ia.-»e(I 
upward  over  a  tixfed  pulley,  Hnd  the  weight  2p  he  reuni\oil 
from  -1  an<l  attached  to  the  other  end  of  the  cordt  the  bar  will 
be  acted  upon  by  two  opposite  parallel  foroes,  viz.:  the  foite 
2p  at  4  directed  upward,  and  the  fon-o  -ip  at  2'  dirwted  down- 
ward. Kqailibrium  will  then  bo  established  if  the  weight 
4j»  —  2_p  =  2j)  be  put  upon  the  scale-pan,  whonco  it  follows 
tb&t  the  combined  action  of  the  two  fun;e»  la  the  »auic  an  the 
action  of  the  sinf^le  force  2p  directed  downward  at  0.  Henn'e 
the  priuc-iple:  Ttao  oppoiiti'tt/ jjaralltfl  (sometimes  calleil  aiiti- 
pemllel)  and  unminal  J'oreet  may  Ib  rej^acad  hy  n  resultant,  eqmil 
to  ifmr  diferencn  aiul  directed  with  t]ui  hiri/er.  The  point  o/ 
application  of  Om  resultant  lies  tijfou  iheliun connecting  thv  poiiU$ 
of  tipplicatioii  of  tlys  two  covifionanti,  jrrohn^td  in  the  direction 
of  th«  largur  and  so  aiiuated  thai  ii$  distanctia  from  the  poifitt 
are  inverstJj/  as  the  mmponents. 

Conversely,  any  force  may  be  rosolvod  into  two  iiaraltel,  nr 
opjKisitely  jtarallol,  ouui pinonts,  whose  sDm,  or  dilToroiioe,  \i 

erjual    1o    it,  anil    whose    jtoint  of 
application  is  d^termiiiad  wTunling 
_j>  c^      t         ^  'l"®  t'*o  foregoing  prtiixisitiona. 

The  two  prtfceilinj!  jtropoBilioiis  may  lie 
'lerivcHi  nt«>  troTii  tlie  following  considerations, 
boM^  iipoti  itio  prindple  of  toe  wnllelogntD 
of  forcva.  At  Uio  poinU  A  ana  B  (Tig.  M) 
of  the  body  where  th«  Uko  diMipUfil  panUsI 
forces  P  and  (J  not,  tho  two  equal  forcw,  p 
luid  p,  an)  80  Applied  hb  to  work  0])i>(viiItG]y  to 
oacli  othor,  in  tho  direclioTi  of  Uio  ri^d  oon* 
uvcliTtg  liiifl  All,  Since  p  and  i>  destroy  e«ch 
otl«r,thcy  in  no  way  modify  Uio  ofiTect  of  the 
'  facea  P  and  tj.  The  resultant  of  I'  and  w  at  A,  is  lli«  foreo  P*  litttUTmined 
to'MartKttctiiig  a.  paralklogram  ou  P  nn.l  ;..  At  V,  tho  foroo  Q*  rcprcswiu 
1M  Mnl^Dotl  effect  of  Q  and  p.  P*  nud  g'  may  be  conddwed  tis  li«\'Tng 
their  poiute  uf  upplicntion  at  C,  the  intwbuctioo  of  tlieir  <lirflctions.  At  tliftjr 
new  pcanl  of  ap[>!icfltiun,  imnci'ic  thorn  again  reaolvcd  into  their  former 
CoiDpooeutA.  The  cuiii|K)ticnti!  p  ami  p  wul  doatroy  encli  othor  ttnd  It-av* 
on]*-  P  aud  Q  tn  be  cutiHiilcrwI.  Theeo  latter,  BCtk);  ia  iho  Bomo  direcUou 
nod  on  the  fame  poinl,  will  adil  tlieir  effecte,  oiid  rave  the  tioglo  rosultant  forcv 

P  +  *  ,.       . 

The  rmqitont  may  now  tie  sluftacl  orbitnirfly  in  ita  own  dirocttoii,  mid 


Vk.  H.— rAnlicI  FarM<«. 
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may  be  ajnuidorml  on  tiaving  ita  point  of  a,ppticatioii  nnvwhere  in  tliis  line, 
M  at  M,  iu  inUirsuction  irith  AB,  FVom  Uio  einiiiarity  oftho  trUngloH  AMC 
unit  BMC  with  Uio  trianglM  intn  which  the  imnllelogrtnu  km  div»od,  thor« 
will  reeolt,  if  ma  bo  de«igniiter1  by  a  and  MB  by  b — 

o:  MC  =  «:  PorF.a  =  p.MC 
ft:MC=p:QorQ.&  =  ;».M^ 
and,  concKiiteiitly — 

P.(i  =  Q.*ora:6  =  Q:P, 

kenoe  tho  firet  of  the  two  propotltions  stated  abot'e. 

If  twu  uiipoxitely  parallel  nnd  uDi>qiin]  (brcn  1x3  applied  at  tlie  polnta 
A  and  B  (Fig-  15).  i'i«  Iiii;:«r.  ]',  may  Ixi  dec»m|K»ieil  iiiw  two  comTK)tieRtB, 
MM  of  which,  Q,  i*  o])i>o«it»ly  vi]iial  tu  Llie  fnrcn  Cj,  atid  Is  amilied  at  tlie  tame 
point,  B:  the  oUkt,  It,  wiil  bit  uijiial  to  Ibu  ilifTerence  of  V  anil  Q,  and  wiU 
act  at  the  point  M,  wliifh  lieu  ujioii  the  prolongation  threugh  A.  of  tba 
coniMcttag  Ime  of  ihe  |winu  of  applicatiou,  A  and  D.  and  divtdM  this  line 
into  HegmeDtE, Buoh  tliat  >LA  is  to  AB  as  H  is  to  tbv  <tili«rvticu  Iwt^ktitn)  P  iind 
Q^  or,  what  ik  thu  satua  thing,  go  tliiit  M  A ;  MB  =  U  :  K  Siiioe  Ihu  forceH, 
Q  and  Q.  dOKtroy  each  otlier,  tliuro  will  imimiii  ai»  a  reswlUnt,  which  may 
MIy  rvplaco  tba  two  forooa,  tlio  Hineli.-  fori'ti  IC  Thiit  will  eijual  the  dif&retioe 
of  the  two  ^ven  Totooa,  and  iU  jiomt  uf  n[iplicntion  lies  on  the  prolongstion 
btyonil  A,  tit  AH,  at  diMtancca  from  A  und  B,  which  are  invcrsuly  pro- 
portional to  the  oorresnonding  foreea. 

I'hb  iii  the  a«cona  of  the  pro^toUtionii  enniicintod  idiun).  ir  tliu  ^'von 
diftajioc,  AB,  b«  designated  by  a,Bnd  the  dititniioc,  AM,  hy  z,  wo  aliall  have— 

r.r  =  Q.C«+x)ori{P  — Q]  =o.Q. 

Eroni  wliicb  tlicrc  results  tJie  oquntiun^ 

SO.  CoQplea. — If  the  two  oppositely  parallel  forces  P  and  Q 
(Fig.  15)  appruuch  cMjiinlity,  the  (linerotice, 
r  —  Q.  fti'pr-'nclies  tlio  raluc  ztTo,  himI  the 
point  ofai»|jlic-ation,M,  recedes  indefinitely. 
If  P  becouiett,  ultimately,  equal  tu  (^  we 
shall  Imre  a  resultant  force  ef|ti8l  t(»  zeni, 
iui<l  HCtiuj^  U[K>iitiii  intiiiitely  remote  puitit. 
Thia  is  only  tbo  luathoiQiitical  form  of 
stfttement  that,  for  tbia  (iwe,  iiii  rewnltant 
iH  ubtainable.  Tifo  equal  at\ii  anti-para3Iel 
foreea  have  therefore  no  resultant ;  they  COQ- 
slilnte  nlial  is  valM  a, couple — a  tnerlianifal 
(-ambiiiution  of  I'Dn-en  uiit  ca^wlile  uf  ruiluctiuD  to  u  Nitnjiler  furm. 
It  is  evident  that  the  forces  of  acuuple  cannot  produL>o  aniutioii 
"f  truimlfttiim  in  Iho  ImhIv.  Thwir  untiro  tituOeiifv  in  to  pnxliice 
a  mutton  of  rolatioD  about  an  axis  pcr^Mjiitlicnlftt  to  the  plane, 
determined  by  the  directions  of  the  forces,  i^.  perpendicular 
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to  the  plane  of  the  drawing.  The  rotational  lendency,  due  to 
the  oonple,  obviously  inereanes  hitdi  with  an  iucrcftse  of  the 
intensity  of  tlio  forces  P  (Fig.  I  ft),  a.s  also  with  uti  increase  of 
the  perpend icular  ilistanoc  botwccn  thoir  pamllel  directions. 
The  product,  P. a,  of  the  force,  into  this  di>;taQCC,  which  h 
called  the  arm  of  the  couple,  servos  (ls  a  meiisiire  of  the 
rotulioiial  t4sndoiicy,  and  is  termed  the  moment  of  the  couple. 
The  effect  of  r  couple  is  not  altereil  if  it  1*  tmiisferre*!  and 
rotated  by  any  arbitrary  amoiiiit,  cither  in  iU  own  plane  or  in 
any  olbcr  parallel  piano  rigidly  ramiR-rtod  with  the  former. 
It  may  also  bo  replaced  by  any  other  couple  whose  moment 
is  the  same  as  that  of  the  jjiven  couple. 
A  ponple  is  fompletely  determineil  by 
the  dirw'tion  of  ita  rotation,  its  moment, 
and  the  [>o8ition  of  il»  plane.  The 
ptmition  of  this  plane,  as  also  the  direction 
of  rotation,  may  be  indicated  by  a  per- 
peiidiuular  erected  wptm  this  plane,  and 
extended  tnwanl  tlie  side  from  which 
the  rotation  appears  ri|»ht-hQ.nile<l,  or  in 
the  sen.se  of  tlio  hamls  of  a  watch.  If 
Fio.  ie.-C<«pI«.        ^1^^  ,^j^^^  ^j.  j^,^^  ,^.r,,e;idicular  be  made 

proportional  to  the  moment  of  tlio  |iair.  the  couple  will  bo 
represented  geometrically,  by  this  so-callt'd  axu,  in  both 
magnitude  and  direction.  Couples  uhnso  planes  are  parallel 
and  wlrnse  axes  oolncidp,  may  be  replaced  by  a  single  O)nplo 
whose  moment,  or  axis,  equals  the  sum  «.if  the  moments  or  axes 
of  the  component  conples.  lu  the  composition  of  couples,  it 
must,  of  course,  be  borne  in  mind  that  moments  in  one  direction 
are  to  be  regarded  aa  positive,  while  those  in  the  opposite 
direction  must  be  considered  negati%-e.  They  compound, 
therefore,  in  the  case  considered,  precisely  a-i  foroes  acting  on 
the  same  point  and  in  the  same  straight  lino  are  r(mi|M)unded» 
i.0.  by  simple  addition.  Two  couples  whose  planes  and.  oon- 
secinently,  also  whoso  axes  are  inclinoil  to  each  other,  are 
compounded  in  accordance  with  the  same  rule  as  forces.  The 
axis,  or  moment,  of  the  rosiilting  couple  is  in  maguitudo  and 
dirccUoQ,  the  diagonal  of  the  parallelogram,  whose  sides  are 
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tiio  axes  or  mr)ment!i  of  the  given  couples.    Conversely,  any 

couple  may  Iw  resolved  into  two  component  couples. 

S7.  CompMition    of  Forces   aotinf;    upoo    DiSerent   PoinU 

of  a  fiigid  Body.— At  any  pMut  O  (Fip.  17)  of  the  body  let 

two  forces  bo  Applioil,  ono  equal  and  |)AruIlel  to  one  of  the 

given  foroes,  and  the  other  equal  and  opposite  to  it.     These 

two  fore*"?  ivjll  wholly  destroy  each  otiier,  and,  oiusequently, 

IcaTO  the   body's  condition    oa    to   real  nr    iiu)tiou  entirely 

unaltered.      The   oppositely  directed 

force  and  the  gireu  force  Torm  a  couple. 

Hence,  any  force  i*,  acting  on   the 

{wint  A,  may  bo  replaced  by  an  oqnal 

|ttrailcl  force  applied  at  the  point  O. 

rigidly  connected  with  the  point  A. 

and  a  couple,  whoso  forces  are  the 

giren  force  and  one  equal  and  opposite  „      _    „        , ,      , 
*-    :*       f*    .1.  .L  I        *  Fm.it.— Cii.tnpo«itir>n  of Mj 

to  It.     if,  then,  the  same  mode  of         Number  or  Furca. 

tnatment  bo  applied  to  each  of  the 

ibroes  acting  on   the  varioua  points  of  the   body,  and  the 

point  0  be  used  for  each  force,  all  the  forces  will  ultimately 

have  Iwcn  transporter!,  earh  parallel  to  its  own  direction,  to 

the  point  0>  and  in  ad<lition  to  these  forces  there  nill  bo  ald<>  a 

coBplo  for  each  of  the  given  forces.      'ITio  foroea  at  0,  on  the 

■mo  hand,  and  the  axes  of  the  conploa  on  the  other,  may  now 

be  compoundod  according  to  tbo  principle  of  tht;  juntdUdogram 

of  forces.      It  is  thus  apparent  that  any  numlwr  of  force* 

ippIiLHl  to  a  body  at  varioua  points  and  in  varioua  directions 

may  U;  reilucod  tn  a  single  fnrc«i  and  ji  single  couple,  which 

WDiild,  in  general,  produce  a  simultaneous  translatory  and 

rotatory  motion  of  the  body. 

Tho  kite  mny  Mrve  to  iilnstnte  what  baa  b«on  w^d.  Let  k*  (Fig.  18) 
nfiTCwut  tlio  cuiitnl  line  of  the  smftce  at  tfan  Mtv,  wbiob  is  inclUif<l  *t  mi 
MiglA  *  to  tlw  horisoii.  k  (l«aigiut«fl  tha  hoait,  vtA  t  tbft  tail  Tbe  praaniv 
of  tba  wiiM  y,  direclwl  horieontaUy.  uul  tetiog  on  the  point  q  (tbe  oontn  of 
gnvity  r28j  of  tbo  nuCtM),  may  bo  dacompoMa  into  tbo  componsnt  W,  aotiiw 
along  tne  anifaco  aoil  nrodncfng  no  el^et,  and  the  aUbctiTO  oompwimt  Q 
netJBS  npwnrd  ogataat  ^  ■mfaoo  at  t}t«  point  f ,  and  directed  along  th*  per* 
(wndicular  to  tfaonirfiiM.  Atlho  ceutro  ofgravinr  of  tbo  manof  tbokltofi, 
wbieb,  by  naaon  of  the  tail  attaebed  at «.  lies  below  q,  tbe  wvi^t  P  of  tho 
kit*  acta  downward.    Let  tli«  atring  be  atlachod  to  tlie  kite  at  o,  whicii  Boo 
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Fiu.  18.— Tho  Kile. 


of  the 

pnastu-o 


between  9  imd  the  Iwjiid  k.  If  now  Uio  fore**  V  and  P",  as  also  Q'  and  Q". 
oqaal  nnd  wppowtu  to  P  and  Q  roa]ieolivi^]v.  be  fipplieiil  cit  o,  I"  and  <i'  give  ihc 
rwttltajit  K,  and  ifu;  irtring.  fixed  at  o  and  held  nt  its  lower  L*ud.  BMimivn  tlie 
(lircctioD  of  UiiH  rteultanl,  ftnd.  by  its  teiision.  huWi*  thu  kiif  tn  «[uiiniri<iiit. 
In  wWilioa  to  these  rorciw,  tlio  tdlo  will  «Jsn  Ixt  iictud  tijidii  by  Ihe  i>j)iioi»itely 
direct^ni  ccuplcB  PI'"  ainl  QQ".  To  prevent  rolatJtm  abi)m'«„tlie  moment* 
of  thi-ac  couiilcs  must,  of  rourno,  ba  tcmtA  to  encb  otber,  f.B.  if  ra  denoW  the 

lengtJi  of  tlie  |ier]ien<iicular  dropped 
S*  from    D  upon    lie  direction  of  P,   we 

muBt  have — 

--^f  vs^r  ^       p.ro = Q.05; 

or,  if  i}}i  lie  designated  by  a,  (ind  ^ 

y^'- . r-*n"'>'tf^^l  V-.  ''."  ^  *®  must  hftve— ' 

'\\b-  P(a  +  t)i:o»#  =  Q6. 

V,  The  kite  will  tbcn  Wont  in  (Miuillbrium, 
riaing  lucanwliilc  titc-adilv  in  the  direc- 
tion of  tlio  force  R  n«  tfi«  stna^  is  let 
out  grAdmilly. 

If  U  Otriote  tlio  noimd  coiaponenl 

wind- pressure  acting   npoii  n   Biiinirfitial  Mali  of  tiie  aurfaco,    llic 

V,  uixiu  the  surface  n,  inoliiioJ  tv  ibt;  direction  of  the  wind  at  tho 

4Dg1e  h  is  giran  by 

V  =  Utfunft 

aoil  tlie  cffoctiTe  componetil  Q  l>y 

Q  =  tJ»Bitt'#. 

Trom  tho  foregoing  otjautiun,  viz. 

P(«  +  b)<M9^  =  U.iwBiu'*, 

H  is  at  once  evident  Uuit,  for  an^  given  intonsity  of  wiad-prc«siire,  ti«  tat^ 
1)«twcoii  Uie  striiiR  and  the  horuontal  is  grvatcot,  and  uoriHciquentiy  dn  tm 
kito  will  rise  higlicet  if  tlio  position  of  the  points  o,  y,  p,  be  ao  dioien  tliat — 

SB.  Centre  of  Parallel  Forces — Centre  of  Oravity. — B}- 
lepeated  upplioatinn  c»f  the  fon-goiiig  prupositum  IW  tin- 
composition  of  purallel  forces,  tuij-  numlier  of  jiarullel  forces 
whatever  miiy  \m  romjioiinilcil  into  u  single  resultant.  To 
acoompliab  thiu  we  uoed  merely  to  compound  the  resuitant  of 
Iho  lirst  pair  of  parallel  forces  with  tho  third,  this  new  rcsultitnt 
■with  the  fourth,  and  so  on.  In  this  way  we  should  fiually 
ohtaiii  a  total  resultant,  equal  to  the  sum  of  all  the  given 
forces,  and  nctiug  at  a  definite  point  called  the  centre  0/  the 
paraUtl  forces.  The  point  of  application  of  the  reaultaut  of  alt 
tho  elementary  forces  of  gmvity,  nctiug  upon  the  variouji 
p«rti«les  of  a  heavy   l>ody,  is  called   the  c(^ir«  of  gravitfj 
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of  the  body's  masti.  Siiico  tlieso  elementary  forces  are  all 
diiected  rertically,  oiid  comequoiitly  are  imrallel  to  each 
other,  their  resultant  equals  their  amu,  i.e.  equals  the  entire 
weighl  of  the  body,  and  thu  coatni  uf  (j^avity  in  the 
centre  of  the  system  of  parallel  forces  of  gravity.  In  this 
latter  ptiiiit  the  entire  weight  of  the  body  may  !«  rt-fiarded  as 
cwuL-outmlfl,  and  it  nrnst  b«  siipjKirted  in  order  that  the  h«idy 
maintain  it«  eqiiilil>Titim  against  gravity.  If,  far  example,  a 
body  be  suspended  iu  any  mauner,  it  vrill  be  in  etiiiilibrinm 
when  its  centre  of  gravity  is  vortieally  under  the  \mui  of 
mspoDsiou.  Upon  this  principle  de[)end3  an  ex[)erimenta) 
method  of  finding  the  centre  of  grayity  of  a  body.  When  a 
body  is  suspended  by  meana  of  a  thread  attached  tu  the  [Mint 


Pm.  la. — ^Llneaof  Gnrity. 


Via.  20.— Ceuln  of  OntTitj. 


A  (Fig.  19}  of  its  perimeter,  the  prolongatioo  of  the  thread 
must  pass  tlirutigh  the  c^mtre  of  gravity.  Any  straight  line, 
as  (u,  drawn  throtigh  a  body's  centre  of  gravity  is  calle<l  a  tint 
of  gravity.  If  mm  the  body  be  suspended  from  a  secoud  point 
A  <Fig.  '20),  the  centre  of  gravity  must  also  lie  on  the  prolonga- 
tion nt  the  line  of  suspension,  and  another  line  of  gravity,  bcL, 
will  he  located.  The  centre  of  gravity  mnst,  theiefore.  Uo  at 
the  intersection  of  at  and  bd.  With  boniogeneuiis  bodies  of 
determinate  geometrical  form,  the  centre  of  gravity  may 
ftequently  be  found  from  simple  mathematical  consideratloa!;. 
The  geometrical  centre  of  a  sphere,  or  of  an  elliiBoid,  is 
obripusly  also  the  centre  of  gravity  of  the  body.    The  centre 
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uf  gravity  of  a  cylinder  vfitb  parallel  euds  is  ovidently  at  tlio 
Qtiddle  of  its  axis,  and  that  uf  a  {xtmllelopipeU  at  tlie  inter* 
section  of  its  diagonals.  The  centre  i>f  ^rarity  of  &  trtaDgnlar 
surface  lioa  in  the  medial  line  euil  twii-tbirdu  of  the  Uiiitance 
from  any  vortex  to  tlie  upiusile  Kide ;  Uiat  <if  a  {lyramid,  or  of 
a  cone,  upon  tlio  line  from  itit  vertex  to  the  centre  of  gravity 
of  its  base,  and  at  a  distance  oi^ua!  tu  onc-fuurth  uf  ibi  len^tli 
from  llie  l^ee.  The  (centre  of  gravity  uf  a  body  may  even  lie 
wholly  n-ithout  its  mass,  as  is  the  case  with  a  liullow  sphere,  a 
siiell,  a  iiask,  etc.,  wliere  it  lies  within  the  hullow  of  the  body. 

Concrive,  for  «samp!e,  of  A  triangle,  AIIC  (Fig.  21),  cut  from  Aiiie^e  of  tin 
Kid  divided  into  fclcnnw  utrips  ly  lin&«  pnrallel  to  tii«  nidc  AC-  The  CfntK 
of  gvovitv  of  eftch  «t*if  <^lvi(iii*!j'  li^  in  its  itiiddie  jioicit;  consequently,  llic 


Pio.  SI.— Coalte  of  Onivlty 
of  iL  Triwigle. 


Kh;.  32.— Contre  of  Gnvitj 


contre  of  ^^"Hy  or  the  ciitirv  triau^lc  licv  uti  tho  lino  BD,  drawn  from  the 
mltklle  [lomt  I>,  of  tlic  linu  AU,  to  the  YerU-x  B,  because  thiE  line  biueclx  uack 
Birip.  Or  wp  niiiv  vtxy  llip  "  tjansverxil "  1)D  is  a.  liiic  of  gravity  at  tlia 
triangle^  FoT  nimlW  reasoiia  tlic  lino  CK  \&  also  n  line  of  craTitv.  mid  lieiioc 
the  t-entro  of  Rmvity  miial  lie  at  their  mterseotiiwi  S.  Tiirouifh  lliis  point  tlie 
third  tmisvcntal  mutt  alao  ohm.  Ouuncci  tlic  ]3o!ut8  D  and  R  arid  tliu  triangle 
DSB  foriuod  by  it,  SD  niiu  SG  is  Hiinijar  to  tho  uiangle  DiiC.  Wc  have, 
tllOII~> 

D8  :  Its  =  KS :  CS  =  PE :  BC  =  1 :  2, 

itucft  by  eeonetry,  \>T.  =  4B0,  l>S  =  ^DS.  aittl  KS  =  iCS,  or  DS  =  jjBD 
and  ES  slCK  To  find  ih*^  cwilm  of  f^niTily  of'n  julv^uu,  it  io  iteeoin)KiiN>d 
liy  dia^coDalE  mio  iriangicH,  aiid  the  cniilxe  uf  gnti-ity  of  each  triangle  is 
(letenniiicd.  At  the  ceiilic  of  gravity  of  <!ach  liiartglfi  a  wei|^ht  proportioiifl] 
to  th«  DHM  of  the  corraipoDdiRg  trlanfle  U  aupjxned  to  Iw  ft)iri]icd,  and  the 
centro  of  gnvity  of  tbU  lyBtcm  M  paialtel  forcea  is  tlicD  di^lcrnilixM!. 

A  triangular  ityraroid  ABCD  ^g.  22)  may  be  conceivpd  oa  diioomposed 
by  iJu««  narallel  to  oa«  of  its  faci'g,  AtH.',  into  thin  laminte.  The  xtTAi^bt 
line  DE,  arawn  from  the  verti'x  H  lo  tUv  txti\x<a  uf  t^vity  E  of  thia  fac«, 
oontains  the  centro  <if  grarily  of  all  the  Inninn!,  and  k  accurdingty  n  line  of 
granty  of  the  jiymmiil.  Tlic  mm*  fn  Irao  of  evcrj*  lii"  CF  dranTi  from  any 
other  vertex  C  to  tlic  cctitre  of  grartly  of  ihe  oppowte  fnce,  and  coiucquuntly 


MOTiOy. 


47 


Fto.  2S. — Comtiuuilloii  of 
tbv  C«utra  ui  OnTity, 


the  point  S,  «t  wliicii  die  lines  De  and  Cf,  lying  in  the  plAoe  COD,  inUnect, 
18  lh«  centre  of  grority  of  the  pymmid.  Since  GE  =  jOC,  and  GF  =  IGD, 
EF  =  JCD.  nnd  hence  E8  =  JSD,  or  E8  =  JDE.  Tbo  centre  of  KTavity  ol 
B,  pTTnmld  ties,  tliercfore,  upon  the  sCrsigbt  lini}  drawn  tram  Iho  apex  to  the 
C«Dtr«  of  gra^ty  of  the  op{>U3ito  jnaa,  and  iit  s  dliilftnco  «qnal  to  Dirce-faurths 
of  itB  leDgtli  from  Ilip  %'i>rt<is.  This  proposition  liolds  for  any  polygtinol 
pyninid,  or  con(».  Similar  coBttdcnitionj  luffice  to  IocaId  tho  ccntro  of  gravity 
of  many  other  surfnccH  ni)il  bodiei. 

Tlio  poMtion  of  llio  cetilro  of  gravity  may  alao  he  TotDid  ly  computAtioa. 
For  fsjmipli.',  ill  Fij;.  "23,  Biippofie  my  ininiber  of  tnntcriat  iioints,  m,  m',  m", 
...to  oct  ui-on  a  rigid  ftfuiL.-ht  line  at  distanccB  r,  r',  r"  ., .  rvKpvCtivelyi  from 
■  civcn  I'oiut  A  vf  tlie  lino.     The  momont 
wiw  rasp«ct  to  the  point  A  of  ih»  entire  toan  T* 

(Stcm  + "•'  +  »»+  ...  =  iwt),  mpwwed 
ooaceDtnt«(l  at  the  cctitrQ  gf  gravity  8,  at 
the  distance  t  froni  A.  w  (;qunl  to  the  tfum 
of  the  muiDciitB  of  Uk-  iniLividual  fvroes,  or 
«tr  +  m'r'  +  ra"r"+  .  . .  =  Imr;  aatl  vre  hav«, 
llierofon',  Ma  s  xmr,  and  (.-ouxetjuoiitly. 

_  Imr  _  2nir 

If,  aa  a  Hi)eclfll  tn»e,  only  two  inaaees  be  ^vcu,  at  distances  r  acid  r',  tltcrc 

reaolt* — 

ror  +  fftV 
■  ~    m  +  m*"  ' 

20.  Lever. — T.et  a  bwly  which  is  movahle  alxiiit  a  6xod  axis 
aX  V,  peqjenJicuIar  Ui  tlie  plane  of  the  dtuwiug,  l»a  nuteil  upoit 
at  X  and  B  (Fig.  24)  by  two  furces,  P 
aud  Q,  lying  in  the  tvaiia  [ilaiio.  The 
body  noiil<l,  umlcr  thc^t^  ciKiimstajicca, 
bavti  a  motion  of  rotation  about  this 
axia,  but  n<i  motion  of  translation.  This 
rotation  nil!  also  be  ueutralized,  or  the 
body  nill  Ix;  iu  ucjuilibrium  as  regards 
rotation,  if  the  rosultuut  It,  doterrained 
acKxtrding  to  §  23,  ]>assos  throngh  a 
point,  M,  of  the  fixed  axis.  If  tho  point 
M  be  connected  with  the  vcrtieos  D 
and  K  of  the  jmralletograni  CDFE, 
iiaed  to  rouAtruct  Iht;  resultant  It,  and 
perpendi(!u!arsa  and  b  bi:dr(i]jjied  from 
U  upon  the  direction  of  the  com)K)nonts  P  uid  Q,  tlie  triangles 
9IDC  and  M£C,  having  a  coaunou  boM  UC,  aud  equal 
altitudes  h,  iiitl  have  e<{iial  areas.      Tbo  double  areas  of  those 
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trisnglea  are  alsu  expressed  by  the  pnHlucts  Va  and  Q& 
respectively.  In  order  that  tlie  resultaitt  [nuui  through  the 
fixed  axis  and  no  rotation  occur.  Pa  itmat  cqiuil  Q&.  The 
product  of  a  force  into  the  perpendicular  from  uuy  ituiiit  upon 
its  direction  \s  called  the  ^aiie  moment  of  the  force  with 
reai©et  to  the  jioiiit.  It  expreaaea  the  tendency  of  the  fnrce 
t-o  pnxluce  rotatiuu,  and  has  the  aanio  value  b»  the  nionient  of 
the  ouuple,  which  remaiDS  after  the  force,  together  with  niuither 
equal  and  opposite  to  it.  hus  been  tranaforuiod.  acri»rdiiig  to 
§  27,  to  &  fixed  jKiint  of  the  axis,  'vvhich  resists  the  funre. 
The  borly  will  be  in  equilibrium  when  the  moments  of  the  two 
forees  are  equal,  i.e-.  when  Va  =  Qt,  ur  tthut  ia  the  same  thing, 
when  the  luomeut  of  the  resultant  couple  Pa  —  Qi  =  0.  If  the 
axis  should  pass  through  any  other  point,  31'.  at  the  distance,  r, 
from  the  re«nltant.  It,  a  rotation  about  I''  vvith  the  moiuent,  fir, 
wonld  ensue. 

A  body  which  may  be  rotated  af>out  a.  fixed  axis,  and  on 
which  forces  act  in  planes  porpondivular  to  thin  axis,  is  called  a, 
Itver.  The  perpendicular  diittaupe  of  any  foreo  from  the  axis  is 
called  the  lewr-arm  of  the  force.  The  lever  '\s  in  equilibrium 
if  the  Bum  of  the  products  of  each  force  into  iti  lever-arm,  or 
the  sxuu  of  all  the  moincnts,  ia  zeru,  those  forces  w^ting  in  one 
direction  bcaig  considered  ]>ogitiTe,  and  those  in  the  opposite 
directioa,  negative;  because,  according  to  5  27,  the  given 
forces  may  bo  reduced  to  a  single  resultant  acting  upon  some 
point  of  the  axis  and  n  single  couple.  The  fnniier  is  destroyed 
by  the  reaction  of  the  axi»,  iind  the  latter  can  produce  no 
rotation  when  itA  moment,  which  equul^  the  sum  of  the 
momenta  of  all  the  opposite  coupk-s,  is  equal  to  zero.  The 
simplest  form  of  the  lever  is  an  intltixible,  weightless,  straight 
line,  movalfle  about  one  of  its  poiutii,  at  wlittse  ends  like- 
directed,  parallel  foiceH.  such  as  HUitpBnded  weights,  act 
perpendicularly  to  it6  length.  The  fixed  point,  about  which 
the  line  moves,  is  called  the  ftiieruvh  With  Kuch  a  lever 
(Fig.  25)  the  two  segments  of  the  line,  JIA  and  BIB,  from  the 
fulcrum  to  the  point-t  of  applii^tiuu  of  the  fon^es,  are  th(>  lever- 
arms.  When  a  lever  is  of  this  description  it  is  called  a  two- 
armed  ie\eT,  or  a  lever  of  the  ^rst  class.      It   will   be   in 
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equilibrium  if  ttie  [inxltict  of  the  one  force  into  its  ]evcr*ftrm 
equaU  tlut  of  the  other  fon;e,ant«  its  leTer-«nn ;  or,  what 
amounbi  to  the  same,  when  the  t'on^-es  are  in  tho  invonw  ratio 
of  their  lever-anus.  An  sqiial-afintd  lever  id  iu  equilibrium 
when  tho  forces  applied  at  the  eiida  are  equal,  as  i»  oxempUSed 
l>y  beam  balances. 

It*  the  movable  bar  be  acted  upon  by  forces  having  opposite 
directions,  in  order  that  each  may  destroy  the  rotational 
tendency  of  the  other,  both  niiist  act  upon  the  same  aide  of 
the  ]ioiut  about  which  the  motitm  tabeii  place  (Fig.  26),  aa  in 
tho  tWregoing  case.  They  will  hold  each  other  in  eiuilibrinm 
if  they  are  inversely  profHJrtitJiial  to  their  distances  from  the 
fiilcnmi.  Althonj^h  ui  this  cmb  also  there  is  a  lever-arm 
o(]rres|X)Dding  lu  caeh  force.  MA  and  Mil.  since  only  the  longer 
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obtrudes  itself  upon  wmsideratiuii.Bnd  the  shorter  is  only  a  pari 
of  the  longiT,  IhiH  nort.  uf  tcvi;r  is  Homotimefl  desiprnat^d  as  a 
one^rmed  lover,  or,  more  gonemlly,  as  a  lover  of  the  aeeond  eiitss. 

'fhe  experimental  proof  of  the  laws  of  the  lever  ha-i  been  given 
above,  by  means  of  the  niovable  metal  scaIp  of  Fig.  13 ;  for  we 
need  only  tix  the  iiiip{H>rt  of  the  axis  of  the  w^e  t^^)  ccmvort  it 
into  8  lever,  whoxe  iixml  axis  destmys  the  resultant,  and  at  the 
aamo  time  Kiipports  the  weight  of  tho  bar,  and  so  operates  pre- 
cisely 03  though  it  had  no  weight.  IE  tho  centre  of  (!:ravity  of 
a  lever  lies  nithoiil  the  axis,  its  weight  laxinX  be  ref^anled  as.  an 
additional  force,  nctiug  don-nward  at  the  centre  of  granty  uf 
the  bar. 

Uy  the  aid  uf  the  lever,  a  heavy  load  may  be  held  in  ecjuili- 
briain  by  a  »ntall  fon-e,  and  by  slightly  increasing  the  force,  the 
lo*d  may  bo  raised,  provided  the  lever  arm  of  the  force  be  made 
jurt  9A  many  times  longer  than  that  of  the  load  aa  the  latter 
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exceeds  the  force.  The  crowbar  aftonlH  a  siin[)Ic  illiwtration  of 
this.  T(i  more  a  heavy  block  of  stt^uo  from  its  iKiaition,  the 
workman  puslioa  one  oad  of  ibo  hoavj'  iron  rod  under  the  block, 
|>Uu>Oi<  near  this  end  a  small  stone,  to  serve  bs  a  fulcrum,  and 
by  bis  muscular  force  depresses  the  long  arm  of  the  lever,  thereby 
raising  alij^htly  the  mass  of  stone.  A  well-kuown  application 
of  the  one-armeil  lever  is  had  in  the  familiar  truck.  The  point 
of  rotation  ia  on  the  axis  of  the  wheeU,  and  the  uiuscnlar  force  of 
the  arm  direotod  upward,  holds  in  equilibrium  the  load  placed 
in  the  car  and  near  the  axis  of  the  wheela.  By  the  aid  of  nheeU^ 
which  exercise  no  iniluouco  ii]xm  the  leverage  of  theapparatiie. 
the  workman  is  then  able  to  move  the  load  about. 

Levers  of  the  mnat  varieil  forms  find  frequent  applit-ation  ii» 
daily  life.  The  iron  handle  to  which  tlie  wires  of  a  dwr-lwll 
are  iHsteuod.  and  which  serves  to  convert  the  vertical  pull  of 
the  hand  into  a  hoiizontal  pull  on  the  bell,  ia  a  bent  lever,  with 
arms  forming  a  right  angle  t<i  each  other.  A  key  is  a  lever. 
turning  about  the  axii!  of  its  length  ;  the  ward  repreaeutiug  the 
one  arm.  and  the  handle  the  other.  Scissors,  tougs.  iiat- 
crackers,  etc.,  are  combinations  of  levers. 

The  windlass,  which  is  an  apparatus  consisting  of  a  cylinder 
with  an  attached  circular  disc  of  greater  diameter  than  tliat  of 
the  cylinder,  \&  a  lever.  The  fulcrum  of  the  lever  13  in  the  axis 
of  the  cylinder.  The  load,  fastened  to  the  end  of  a  rope  wound 
abriut  the  cylinder,  will  be  held  in  equilibrium  by  the  forue 
aL'ting  at  the  circumference  of  the  wheel,  provided  the  force 
bears  the  same  ratio  to  the  load  as  does  the  radius  of  the  cyUnder 
Ui  that  of  the  wbeeL  The  wheel  is  sometimes  replaced  by  a 
single  spoke,  called  the  cranh. 

A  series  of  levers,  which  act  upon  each  other  at  their  endsr 
is  called  a  compound  lever,  or  a  train  af  levers.  Hnch  a  lever 
will  be  in  equilibrium  when  the  force  at  the  end  of  the  last 
lever  is  to  that  at  the  beginning  of  the  tirst  as  the  contimied 
prodnct  of  all  the  arms  next  the  load  is  to  the  continued 
product  of  all  the  arum  next  the  puMor.  Systems  of  toothed 
wheels  engaging  in  each  other  are  compound  levers  whoae 
arms  ate  the  radii  of  the  wheels. 

Any  force  acting  on  a  body,  free  to  turn  about  an  axis,  may. 
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without  fthemtioi)  of  effect  upon  tho  body,  be  replaced  by  any 
other  I'oree  whase  rotational  tendency  is  the  wune  as  that  of  the 
Tvplaccol  force.  The  intensity  of  the  new  fnn^c  niuitt  ho  to  that 
of  llic  old,  iiiTerMelr  hh  their  respoctivi^  anuit,  else  the  etioct 
iijHtn  the  body  nill  nut  remain  unaltered. 

30.  PaUey«. — Tho  puUey  is  a  spoeial  kind  of  lover.  It 
ixiiisists  of  fl  circular  di»c  frco  to  turn  about  an  axis  passing 
IhroQgh  itx  centre  and  supported  in  a  case,  called  a  l^oek. 
Around  the  (;irnimference  of  the  ilisc  a  groove  is  cnt  for  the 
rccoptiiHi  fit'  a  rope,  or  cord.  The  pnlley  is  said  to  be  Hxed. 
when  ita  block  ta  suspondcd  to  a  tixod  point,  in  such  manner 
m  (o  prevent  any  translatory  motion  of  its  wotro.  It  will 
evidently  be  in  eq^uilibriiim  when  erjnal  forces  act  nt  the  ends 
of  the  ooni,  since  the  Mtalional  tendencies,  or  the  momenta  of 
the  two  forces,  are  then  equal  and  opposite,  and  their  resultant 
Kts  merely  as  a  pressure  against  the  tixed  axis.  Huch  a  pnlley, 
of  coarse,  has  no  tendency  either  i^^  incrcwe  or  diminish  the 
veigbt  of  a  load ;  it  merely  servos  to  change  the  direction  of 
the  fiiroe.  It  may  be  advantageously  used  to  conveTt  tlie  down- 
ward pull  nf  a  mauM  of  stone,  nttaehed  tu  the  end  of  a  rope  into 
111  e(|ually  strong  upward  pull,  or  to  make  M^m  of  thti  horizontal 
pall  of  a  horse  to  raisti  hea\'y  louds  in  a  vertical  direction.  A 
ptilley  whoso  bhick  in  free  to  move  It  called  miwaWa.  An 
illustration  of  HUch  a  pulley  may  Ito  had  liy  attaching  ono  end 
of  «  rop«  to  a  tixod  point,  hanging  a  load  to  the  block  and 
tpplying  a  force  at  the  other  end  <if  the  rope.  To  hold  this 
■ystem  in  ei]uitibrium  b<ith  end.i  of  the  rope  must  be  stretched  by 
^nal  forces,  whoite  resultant,  paiisitig  through  the  axis  of  n>lattoD 
'if  the  pulley,  keeps  tho  weight  baluiicod.  If,  for  example,  the 
ends  of  tho  rujw  ore  parallel  and  vertical,  obviously,  to  nmintain 
&quiUbrinm,  each  end  of  the  ri:»pe  must  carry  half  the  loail.  By 
nMiiB  of  the  movable  pulley,  therefore,  the  load  is,  so  bi  speak, 
diminished  by  one  half.  If  the  free  end  of  the  rope  be  attaiihml 
to  the  blouk  of  a  Hecoud  mo%-able  pulley,  this  &ee  end  attairhed 
to  a  third  niovublo  block,  and  so  on,  and  the  last  end  be  paased 
oier  s  lixcd  pulley,  the  load  will  be  reduced  by  half  with  each 
Borable  pnlley.  By  means  of  such  an  apparatus,  called  a  train 
or  pulleys,  a  small  force  acting  at  the  la»it  end  of  the  rope  may 
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be  mada  to  lioM  iu  efjDtliWium  a  large  weight  attucked  to  tbe 
block  of  the  finl  movable  piilley,  aikI  by  a  Nligbt  increase  of 
the  power  appliert,  abi>ve  wh»t  it>  needed  to  estaldisb  t'i^iulibriiim. 
the  load  iiiuy  be  miaed.  This  »i.mu  purpose  is  siihtterveU  by 
what  is  called  a  system  of  Woofta  arid  falU.  Thia  consists  of  « 
fbced  uiid  a  movable  bUwk,  eauli  coiitaiuiiig  a  imiubGr  nt' 
pulleys  set  on  a  conimoii  axis,  aud  so  (.'Dtmected,  ihat  the  cord, 
one  end  of  which  is  attuL^hed  to  the  fixed  bluck.  passes  alter- 
nately over  a  pulley  of  the  movablo  and  fixed  blocks,  and  its 
finally  connected  with  the  force  applied  to  the  syst«ni.  Since 
the  load  attached  to  the  movable  block  is  dii^trihuted  over  twice 
as  many  cords  as  there  aio  pulleys  in  each  block,  to  hold  the 
system  in  equilibrium,  it  is  nece-ssary  to  apply  to  the  end  of  the 
cold,  which  hangs  from  the  fixed  block  (callod  the  tachle  /all), 
a  force  oipial  to  such  ii  rractif)nal  part  of  the  loud  as  is  re]>re- 
Mrnted  by  the  number  of  pnllcys  in  both  blocks, 

31.  Meuhines  are  contrivances  by  whirh  fori!i>R  nitiv  ho  mivio 
Ut  Kiibseive  itKefiil  piirfKKies.  The  simple  maMm-ji,  Hometimes 
callt'd  the  Jiiedianicid  iutieer$,  to  which  the  parts  of  iJIcijmjwund 
machines  may  be  redu<»d,  are  the  various  forms  of  the  lever, 
including  the  pulluy,  thonnndlasd.eto.,  and  tho  different  species 
of  ineUiud  plarui,  Duch  m  tbe  screw,  the  wedge,  etc  Machines 
simply  transmit  and  modify  the  action  of  forces.  They  do  not 
either  save,  or  waste,  the  working  forces  applied  to  them.  The 
.-  work  expended  by  the  moving  force 

^jf  is  always  equal  to  that  jwrformed 

^;  i  upon  the  load,  or  upon  whatever 
resifitancea  are  to  be  overcome,  as 
was  above  proved  for  the  inclined 
plane. 

A  lever  (Fig.  27)  is  in  equili- 
brium when  the    product   of  force 
into  lever  arm  is  the  same  on  both  sides  of  tho  fub'nuu. 

If,  now,  the  lever  be  drawn  out  of  its  horizontal  p<»ition  of 
equilibrium.  AMIS,  into  the  inclined  piiaitiun.  A'JIB',  and  the 
load  be  ruseii  by  the  smaller  force,  the  work  of  the  force  equab 
the  product  of  tho  force  P,  into  the  distance  ill'  =  5,  by  which 
the  point  of  application  it«  depressetl,  and  the  work  to  be  done 
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to  raise  the  loud  equals  the  load  Q  into  the  distance  a.\'  =  S*. 
Since  the  distances  aA.'  and  Ml'  are  to  ©fl<?h  other  as  the  corte- 
spondinj;  lever  arms,  M  A'  uud  MB',  wo  imist  have  PS  =  QS',  i.e. 
the  work  uf  the  force  equals  tlio  work  of  the  loud. 

But  if  the  li>ad  Qlte  ta.imd  by  uieaiis  of  a  tarklo  and  ftUls. 
by  B  force.  P,  cqn&l  to  Jt  of  Q,  the  load  will  risi;  \vith  ^  of  the 
velocitT,  with  which  tho  jKiiut  of  aiipltcutimi  uf  the  f(>n*e  is 
depressed,  and  the  "'ork  performed  by  force  and  Ioa<l  will  again 
be  equal,  (ir  I'c  =  i}c',  if?  and  c  represent  the  respective  simol- 
huieouK  displacements  of  the  jwints  of  appUcaticm  (if  P  and  Q, 
m  the  direction  of  thu  forces  P  and  Q.  This  general  proposition 
has  been  expressed  in  tlic  following  form  as  the  "Golden  Itnle 
itf  Mechanjas."     Wluit  is  gained  in  force  is  lost  in  velocity. 

Instead  of  PS  =  Q^',  we  may  also  write  Pg  -  Qff  =  0,  nr, 
PS  +  QS*  =  0,  if  diapltc-'omciLt  in  the  direction  of  the  motion 
(if  ihe  point  of  oppliftttion  of  tho  force  actin<;  be  con- 
sidered positive,  and  that  in  the  opposite  ilireetiou,  negative. 
If,  then,  a  machine  is  in  equilibrium,  und  any  nmall  dis- 
placement of  the  point  of  appHcatinu  possible  to  tho  machine, 
or,  more  briefly,  any  virtual  displacement  of  the  point 
of  application,  occurs,  the  Huni  of  all  the  effective,  or  positive, 
qttantities  of  work  nnd  the  reaigting,  or  negative,  (|H8ntitie6  of 
work  will  eqnal  0.  Thi:?  holds  nut  only  for  simple  macbineii, 
and  for  a  single  pair  of  forces,  but  it  ik  aUo  true  of  any  nmnber 
of  forces  opirrating;  in  any  manner  wliatever  ujiuii  a  a)*8tem 
of  rigidly  connected  jmintd.  We  aie  thus  led  to  the  following 
^neral  principle  of  virttutl  work,  ^-ariously  referred  to  as  the 
principle  of  virtual  moments,  or  the  principle  of  virtual  velo- 
eitics.  Tf  antj  rigidly  eonnerted  gy^em  of  material  points 
uhatwtr,  aeied  upon  hy  fonx»,  he  in  e^tiilibrivm,  the  »um  of  tiu 
viriual  work  of  theforcet  eqnah  zero  for  all  poaaihU,  or  virtual. 
diaptifeamenU  of  the  points  of  application,  or  if  P,  P*,  P^, . . . 
represent  the  forces,  S.S*,  S", ...  the  comixmoDts  of  the  displace- 
ments in  the  directions  of  the  correspon<ling  foreee, 

Pg  +  P'8'  +  P"S"  +  ...=0. 

As  aa  iUiulntion,  the  difleramial  pulley  may  be  citccl  (Fi^  2S).    Abcmt 

)  perfpfaerim  of  two  pulleys,  fixed  to  a  coniiuou  axis  and  rigidly  oonnocted 

with  each  other,  and  a  movable  pulley  to  wtucli  the  load  I'  ia  counccted,  let 
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aa  eedlen  cord,  or  chaiu,  be  paiuwd,  aa  tubowD  in  T\^  '£&,  but  in  *uch  inanuar 
■a  to  bo  secure  agaiusL  ^ippin;^  wicli  rcdpcct  to  ihc  [mlley.  Ijet  Uio  rrnlil  of 
the  rigidly ociiiiiected  pullej^  tied>eiJoted  uy  R  nnd  r.aiid  auppoKc  Cbem  iieitrly 
equal  ta  esch  olh«r.  If,  nuw,  the  cord  be  drawit  in 
tJio  dirot'tion  of  the  arrow  wit!i  the  force  P.  throiigfa 
Ui(i  diet^ni.'"  8,  iJie  portion  iif  l1i»  corrl  dfnigiialod  by  a 
unll  t«  rolled  ii[>  by  an  amotint  t  gin  ilie  |)iilk'y  K, 
wliik-  iho  jiortlon  j(  wiU  be  uuroltud  liy  itii  Kiiiuiml 

-^  nnd,  cotMQ'iiieutly,  the  lo&d   P  will   rno  Ijv   un 

Buiinuil  S'  -  j|9(  1  -  it\       To  muntiuii  equilibrium 

Vl  —  PE'  EQUst  e<)Ual  0.  and  hcnoe,  uiict:  Ilie  ttrbilrary 
rlifiplacemefit  J  divides  out,  wc  Imve — 


K'-R> 


Pill. :».— UiflToraaitiftl 
Pulley. 


Y  38.  Stability.— The  capability  of  o  botly 

[yj  to  ntnintain  its  position  agaitiitt  ^^vity  is 

c^lec]  stability.  A  bo<ly  remains  in  iu 
[tciiitioii  upon  a  liorlzoQtal  plane,  it'  iIm 
vurLiciil  line  drawn  tliruiigli  its  i-entro  of 
gravity,  where  tbe  weight  is  voueoivud  as  (X>nc(Mitnitci],  picrveii 
the  supporting  surface,  or  base,  of  the  body.  When  a  body 
is  supported  upon  separate  points  of  its  figure,  the  base  a 
to  be  regariled  as  the  surlkce  obtaiued  by  unuueetiug  the 
uutemiust  Hup[tortiug  poiuta  with  tttritight  lines.  The  hes^ 
iii  a  man,  wheii  ctauding,  ia  Dot  ineiely  the  soloe  of  \m  feet, 
but  it  iticludott  all  that  surface  lying  between  his  feet,  bi)Uiule<l 
on  either  aide  by  the  sole  uf  a  foot,  in  ftuut  by  a  stmigbt  line 
coDuectiiig  the  pointa  of  his  toos,  end  in  the  rear,  by  a  straight 
line  oounecttng  the  heels.     If  he  attempt  to  carry  a  himtcn,  to 

prevent  falling,  he  must  so  inclico  hia 

body  as   to   bring   the   vertic&l    line 

thn>iigh  the  L-omiuon  i-tMitrc  of  gravity 

of  both  load   aud  btHly   within  this 

boM.    To   overturn   a   body   it   must 

be  rotated  about  an  edge,  or  a  point 

(a.  Fig.  29)  uf  the  perimeter  of  it« 

base,  nntil  its  centre  uf  gravity  stands  vertically  above  thai 

point.      If   the    btnly    be    released    before    this    position    ia 

attained  it  will  return   to  tta  original  position,  but  if  it   be 
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turned  slightly  Leyond  this  jwaition,  it  will  fall  over  and 
lusume  a  new  positioD  of  equUibrium.  The  tUTDing  may  be 
apposed  produced  by  a  liorizoQtal  force,  K.  applied  at  the 
'centre  of  gravity,  S,  in  whicli  case  the  moment  of  this  forne 
must  b©  at  least  equal  to  the  oppoeite  moment  of  gravity,  O, 
or  the  force,  K,  iiLiiltiplitMl  hy  its  diatance,  ah,  from  the  centre 
of  rotation,  i.e.  by  the  height  of  the  centre  of  gravity  above 
the  \)ase,  must  lie  eiiiial  to  the  force  (J.  or  to  the  weight  of  the 
body,  mullipliod  by  the  distance  ac  (half  tlie  width  of  the  base) 
from  this  same  centre  of  rotation,  'llie  atabiUty  of  a  body,  of 
which  the  force,  K,  nffords  a  meaaate,  is,  therefore,  directly  pro- 
portional to  the  weight  and  to  the  wiADi  uf  the  base  of  the 
boily,  and  itiverKely  i>r(iportional  to  the  height  of  the  centre  of 
gravity  abore  the  base.  We  may.  then,  aay  a  body  stands  in 
more  stable  eqiiilibrimn  the  greater  itd  woight,  the  broader  its 
baae,  and  the  lower  its  centre  of  gravity.  To  give  candelabra, 
cloak-racks,  and  various  other  articles  of  furnilore  tlie  greatest 
Htaljility,  they  are  made  with  long  and  widely-extended  leg*, 
tlint  the  Imxe  may  lie  m  extensive  as  passible,  consistently  with 
coiireuience.  To  prevent  lamps  from  too  easy  overturning, 
they  are  ijrovided  with  heavy  bases,  to  the  end  that  the  centre 
of  gravity  may  have  as  low  a  position  as  possible.  For  this 
sanui  reason,  in  Kiading  wagons,  the  heaviest  portions  uf  the 
freight  are  put  underneath  and  the  lighter  portions  toward  the 
top  of  the  load. 

A  ImxIv,  free  to  move  Hbout  a  tineH  horizontal  axis,  will  be 
in  equilibrium  against  gravity  in  anv  position  whatever,  pro- 
videcl  the  centre  of  gravity  lies  exactly  upon  the  axis.  ITie 
btnly  is,  uiulcr  such  circumstances,  said  to  !«  in  irnUJferati  or 
ne^iiral  equilibrium.  If  tlie  centre  of  gravity  be  vertically 
alnrve  this  axis,  and  the  body  be  slightly  tume<l,  it  will  he 
drawn  by  gravity  still  farther  toward  the  side  tovmrd  which  the 
displaL-cmeot  occurred,  and  in  this  case  the  body  is  said  to  be 
to  uneiable  ei^aHibrium.  The  rotation  will  continue  iintil  the 
ceuiie  of  gravity  lies  vertically  helovi  the  axis,  and  iu  this  cnu- 
<lition,  the  Ixxiy  is  said  to  be  in  stalle  equUibrium ;  for,  if  it  be 
displaced  from  this  position,  it  will  seek  to  retiun  to  it.  Tlie 
centre  of  gravity  of  any  body  always  seeks  the  lowest  poeable 
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poeittoD,  and  this  is  the  position  of  stable  e<inili)>ritim.  A 
chain,  for  example,  which  haogs  slack,  anci  is  supported  at  iLs 
eodo^  aSHuniefl  of  ile  onu  ac-cord  that  position  in  which  it«' 
oontra  of  grayity  is  as  low  as  possible.  Upon  this  principle 
various  forms  of  toys  depend,  such  m  cylinders,  and  double 
ooneK  that  roll  uphill,  standing  iJgiires,  and  smi  forth,  which  at 
first.  gUnce  seem  to  contradict,  hut,  iu  point  of  fact,  confirm 
this  principle. 

Another  Illustration, of  llie  priiicipk  that  tlje  ceiiliv  nrKravityiitwnjrfiMKtkx 
its  lowMft  pauitjoii  ill  kifonled  by  a  bar  miniieDded  by  two  fibres,  nA.  bB,  o( 
eqiinl  length,  as  stiawn  in  Vig.  30.  Siicli  form  vf 
iiupenHioii  is  known  as  bjJUaT,  If  tli«  tmr  L>e  twUted 
ont  or  \\x  pofiitjoti  or  njinTflirium,  ibi  cunlro  of  er&Tiiy 
will  bo  fKBBd  from  0  to  (Y.  thu  Utter  lytng  in  a  higber 
lioiiKinUd  pl&tiv,  A'O'C,  tliaii  tli«  fonner.  At  A'. 
uid  iilao  Kt  B',  tlio  IViroa  A'D  =iy,  *•«■  one  half  the 
weight  of  iIm  Xikc  acts  downwam.  This  f^rco  may 
be  TOaolred  into  two  components  p«ipiindicukr  to 
each  otlipr,  the  one,  AT,  in  tJte  direotioii  of  tho  (Jir«ad. 
and  Iviuling  to  stretch  it.niiil  1i\a  oUii.'t,  A'K.  lending 
(o  draw  the  end  A  of  Uiu  biir  in  tJio  dmct^ou  of  the 
taiiRvnt  to  tbo  ciroiUar  arc  A'A,  liack  to  the  orignd 
|>o«itt()n  A.  yrom  Tim  rimilarity  (if  llifl  triangtw 
A'llE  and  A'lC,  wo  hare  A'K  ;  AD=  A'C  :  A'n,  or, 
deirignnting  tho  angle  A'O'C,  vhfch  the  now  poeitioii 
of  the  bar  mak«a  with  the  poaitiao  of  cmiilibriiun, 
br  B,  half  the  length  of  the  tiar  by  r,  and  tho  longtii 
of  fibre  by  1,  thn  proportJoo  may  be  writt«n  thu»^ 

A'E:  iP=r.Bina:;,orA'E  =  ?^^*- 

CoMoqpMKitly,  the  mommt  of  th«  ooupio  (for  an  e(]iial  and  opnoelte  force  aela 
at  B']  tcn^ng  to  draw  tho  bar  back  liito  Uie  posltjoa  of  equilibrium,  is  given 
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A'E.Zf;  or,  IV", 
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^.  The  B&laaoe.— Tho  balance  scires  the  purpose  of  com- 
paring tiJijbioiCTi  with  knevm  masses,  the  tatter  being  called 
weights,  or  counterpoises.  The  ciistumary  form  of  the  apjiaratiw 
is  eesentially  a  lenr  with  etjual  arms.  It  consists  of  a  tight  bar, 
or  beam,  turning  about  a  steel  knife-edge,  attached  neor  the 
middle  of  its  luiigth  and  wipixirted  iitKin  a  steel,  or  a^^te,  plate. 
The  eods  of  the  bar  are  abo  supplied  with  Imife-edgod,  on  vhich 
hooks,  or  bearings,  carrying  the  iH'ale-|iau.s  are  borne.  When 
iiut  in  use,  or  wheu  putting  on  or  taking  oiC  weights,  by  means 
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of  an  attAf-hnient  knoii-n  ns  the  arrat,  Uie  weight  of  tho  beam 
and  scale-pans  luay  bo  taken  (tfT  ihe  IcDife-eOges.  to  provent 
annecessarj"  wear  and  consequent  impaJriuent  of  the  delicacy 
of  the  balance.  In  orrler  that  the  beam  may  Ije  in  Btable 
equilibriiim  and  in  a  horizontal  position,  when  not  in  use,  or 
when  equal  weights  are  in  both  scale-paos,  the  centre  of  gravity 
(if  (ho  eonibiuod  mass  of  all  the  parts  of  the  apparatus  must 
lie  beneath  the  middle  kmfe-edgL*.  A  needle,  or  [lointor,  Jlxed 
perpendicularly  to  the  beam,  and  oseiUatiug  with  it,  in  front 
uf  a  graduated  arc,  shows  by  iUs  |K>sitioQ  with  respect  to  the 
imlex,  or  the  zero-point  of  the  graduated  arc,  when  the 
mochanism  is  in  equilibrium.  If  a  smaller  weight  be  placed 
in  one  of  Ihe  seale-pauB,  the  beam  will  incline  toward  the  side 
of  this  ]Mn,  and  the  centre  of  gravity  will  bo  raised  on  the 
oppoBite  side  mitil  the  weight  of  tlie  heaui,  applied  to  the 
centre  of  gravity  of  the  apparatiLs,  ha.s  attaiaeil  a  rotational 
tendency  ei^nal  and  oiiposito  to  that  of  the  ovorwoight>  applied 
at  the  end  of  the  beam.  Tho  angle  which  the  piilntwr  in  this 
new  position  makes  with  the  vertical  is  called  the  angU  of 
diaijplaeement.  That  the  same  ovorn-oight  may  always  give  the 
same  displacenient  for  any  magnitude  of  total  load  ii^wn  the 
Ncalcs,  the  middle  Ifnife-edge  must  lie  in  the  same  plane  with 
those  at  the  ends.  The  sensitiveness  of  the  balance  is  greater, 
the  greater  the  angle  of  displacement  for  a  given  overweight, 
l*hat  the  lever-arm  of  the  beani  may  he  sufficiently  long,  it« 
centre  of  gravity  must  be  raieed  higher,  and  tho  angle  of 
displacement  made  greater;  the  smaUor  the  weight  of  the 
beiun,  the  nearer  its  centre  of  gravity  lies  to  the  knife-edge. 
and  the  greater  the  lever-arm  of  the  overweight,  ur  the  longer 
the  beam  uf  the  balance.  To  secure  as  high  a  degruo  of 
netisitiveness  as  possible,  the  centre  of  gravity  is  located  quite 
near  the  knife-edge,  and  the  beam  is  mode  as  long  and  light 
as  is  consi>:T<-'nt  with  the  desired  rigidity.  This  is  ortlinarily 
effected,  where  a  high  degree  of  precision  is  sought,  by  giving 
the  beam  a  broken  form.  A  tine  itcrow,  on  which  n  heavy  nut 
travels,  is  u.sually  plnceil  nhove  tho  beam  to  regulate  the 
position  of  the  centre  uf  gravity.  For  weighing  Kulies  lighter 
than  I  cg„  e  bent  wire  of  platinum  weighing  one  eg.  is  plikoed 
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upon  an  arm  of  the  beam,  graduated  into  ten  equal  parts,  and 
the  wire  is  then  shifted  along  the  arm  until  equilibrium  is 
restored.  The  number  of  the  graduation  then  indicates  how 
many  milligrams  would  have  to  be  placed  in  the  sc^e-pan  to 
hold  the  unknown  weight  in  equilibrium. 

If  the  lever-arms  of  a  balance  should  not  be  exactly  equal, 
which  for  mechanical  and  practical  reasons  is  always  the  case, 
it  is  still  possible  to  weigh  accurately  with  it  This  is  done 
either  by  double  ioeighing,  i.e.  by  weighing  the  body  in  each 
pan,  and  taking  the  mean,  or  by  substitution,  i.e.  by  bringing 
the  body  into  equilibrium  by  means  of  any  objects,  such  as 
shot,  for  example,  placed  upon  the  other  scale-pan  and  then 
removing  the  body,  and  again  restoring  the  equilibriom  by 
placing  known  weights  upon  the  scale-pan  formerly  supporting 
the  body.  The  sensitiveness  of  a  balance  is  expressed  by  the 
ratio  of  the  least  weight  which  gives  a  distinct  displacement 
to  the  greatest  weight  in  one  of  the  pans.  A  balance  of 
ordinary  sensitiveness  will  give,  for  a  weight  of  one  kg.,  and 
an  overweight  of  one  mg.,  au  appreciable  displacement,  and 
the  sensitiveness  is  therefore  one-millionth.  The  more  delicate 
balances  \ised  for  scientific  purposes  have  a  much  higher 
sensitiveness  than  this.  Slany  of  them  ei\e  an  appreciable 
displacement  with  a  weight  of  1  kg.  and  an  overweight  of 
0-003  mg.,  and  have  accordingly  a  sensitiveness  of  one  three- 
huudred-millionth.  Accuracy  of  weighing  is  also  materially 
enhanced  by  ]>lacing  a  small  mirror  above  the  middle  of  the 
beam  and  perf^ndiciilarly  to  its  length,  and  then  viewing  by 
means  of  a  telescojM)  the  image  of  a  finely  graduated  scale 
placed  l)eside  the  mirn.>r. 

For  scientific  pur|xwe8  Wlancos,  with  equal  arms,  are  used 
almost  oxclu3i\-ely,  whoreas,  in  rt>mmercc,  t\nis6  with  imequal 
arms  are  in  more  general  use. 

The  Itouian  Italauce,  or  ttteelyanl,  is  a  Ie%'er  having  two 
unequal  amis,  to  the  shorter  of  which  the  lx>dy  to  be  weighed 
is  suspended.  The  Iwtly  is  held  in  oquilibrium  by  a  single 
weight,  called  the  /)«ii.  which  may  be  slijfted  along  the  longer 
arm  to  any  desired  (losition.  This  ami  is  graduated,  and  Uie 
gradoatioiu  •»  numbered  in  such  manuer  that  the  weight  of 
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Vus.  31.— PlalfonD  SoOnl 


\y  run  b«  roiul  off  ilirectly  from  the  notoh  in  which  ihe 
pen  must  bo  plnced  tu  establish  equililxiiun. 

To  weigh  hcurior  IowIa  the  pLatlorm  scalos  aro  tisod.  Here 
a  wooden  platform,  or  brtd},'e,  is  carried  by  a  combiufttiou  of 
levers  so  dis]Hjsed  n-jth  reference  to  each  other  as  to  keep  the 
platform  always  ui  it  hurizoutnl  positidn,  and  to  exert  ujiou 
the  loud  B  piiH  equal  to  the  weight,  tL-garJloas  of  the  particular 
point  of  the  platfonu  at  which  tlio  body  to  be  weighed  is 
citiiatcd.  In  vase  of  the  decimal  platform  scale,  iatroduoed  by 
Qttinteiiz  iu  18211,  the  arrange-  jf  _  sr  g 
meat  of  the  parttj  h  m  follows: 

The  weight,  Q  (Kij;.  31),  lying 
upon  the  platform,  AB,  whiuh  is 
movable  about  a  knife-edge  near 
A,  may  be  reeolved  into  the  two 
forces,  g  and  q\  who^  sum  shall 
M|iial  Q,  the  one,  7,  acting  at  B, 
directly  upon  the  rod,  BF,  utta^^hed  to  the  beani,  GH,  at  F, 
and  the  other,  j",  acting  at  A,  upon  the  lower  lever,  CD, 
tnniing  about  the  Unifo-edije,  C,  and  exerting  a  pull  at  D 
upon  the  rod,  Gl>.    If  the  lever-orm,  C'I>,  la  »  times  as  long  as 

CA,  ^  may  be  replaced  by  the  force,  * ,  at  D.    If,  now,  lv(i  is 

oado  n  limes  as  great  as  KF  (E  being  the  ]ioint  about  which 

the  beam  rotates),  we  may  again  replace  the  focee,  ^,  at  G  by 

the  force,  ^  \>i  times  as  great  ns  ^  ),  acting  at  F.     The  load, 

Q  «  J  +  y'.  will  arrt,  therefore,  as  if  it  were  misjjoudod  directly 
to  the  rod,  UF,  and  this  is  true,  no  matter  at  what  point  of  the 
platform  the  load,  Q,  may  lio.  If  the  lever-arm,  Ell,  carrying 
the  wnlc-pBU,  !«  made  10  times  (or  100  timKv)  as  long  ns  the 
arm,  EF,  the  lua<l  may  be  held  in  equilibrium  by  one-tenth  (or 
one  one-himdredth)  of  its  own  weight  This  scale  is  oon- 
sequently  callod  the  J^cinud  (or  eenteaimal)  scale. 

In  various  other  weighing  apparatus,  suoh  as  the  pointer 
haiance,  tlie  longer  arm  4if  a  beut  lever  moves  over  an  experi* 
mentally  graduated,  cirvular  m^ale  when  the  load  in  |daoed  on 
the  ahurler  end. 
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A  bolaJiee  uued  extensively  in  coninierc^e,  nnJ  kitowa  as  the 
counter  sealei,  wnflJeviseil  !n  1670  by  Hoberval,  and  is  illiislratetl 
in  its  eBsenlial  [jarts  in  Fig.  ;i2.  It  i;<ms!stf)  of  tho  lieauis  Ail 
and  A'B'  equ&l  in  length,  the  one  nuivalilu  nbout  tho  itoiat  31, 
and  the  other  about  M'.  These  boAma  are  connected  by  two 
vertical  rwils,  AA'  and  BB',  so  a^  to  foim  b  pomUeli>;:rain. 
Each  vertical  nHl  4!aTTiee  at  its  upper  end  h  hunznutal  scale- 
pan  rigidly  ODUuecteit  with  it.  If  the  paralleloj^Km  is  in 
cquilibriiiin  in  a  horizontal  jiuaitiou, 
anil  is  thru  <li.<!p]a<.re<l  into  the  inclineil 
[xmitiiMi  indicatoc)  by  tho  Jutted  lines, 
tho  pan  A  rises  by  just  as  much  a» 
the  pan  B  sinks,  am]  i;inre,  according 
ti)  the  priueiple  af  virtual  work,  when 
the  apparatus  is  in  etjuilibrium,  the 
work  on  both  sides  must  bo  the  xauie.  the  force  actuig  on 
one  aide  must  eqnal  that  acting  on  the  other,  i.e.  the  weights 
of  the  bodies  in  tho  scale-pans  are  e(|»aJ. 

S4.  Ceatral  MotioiL — Wo  will  \vm  p(jii»iiler  the  motion  of 
B  body,  which,  after  an  initial  rehirity  ban  6»een  imparted  \m  it, 

is  subject  tu  the  continuous  action  of 
a  fonrii  directed  toward  a  fixed  ]H>int 
called  the  centre.  By  virtue  of  ita 
inertia,  tho  bofly  strives  to  cmvo  with 
this  initial  velocity  always  in  the 
direction  of  the  line,  AB'(Fig.  S3). 
The  force,  which  is  always  directed 
to  tho  )H)int  O,  and  is  called  tho 
centripetal  force,  slxives  continually 
to  draw  the  body  out  of  it.s  path. 
If  AC  denotes  the  distance  this  fores 
causes  the  body  to  traverse  toward 
the  cantK,  during  the  time  requited  for  itd  inertia  to  carry 
it  from  A  to  B,  the  actual  phtoe,  D,  of  tho  liody  after  the 
lapse  of  this  interval  of  tune  is  the  point  of  ititcraeotiou 
of  the  linea,  BD  and  CV,  drawn  ijarallel  to  AB  and  AC 
respectirely.  llie  jjath  traverse*!  by  the  body  from  A  to  D  is 
really  a  curve,  but  it  approaches  the  line  AD  more  and  more 
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J,  the  shorter  the  intervBl  of  time  congidorod.  If  wc  take 
Tintervnl  sufficiently  smull  («iicl  ive  may  take  it  as  snmll 
we  choose),  the  [wlh  from  A  to  D  may  Iw  regarded  as  recti- 
ir.  During  the  next  wjually  HtuuU  iuterval,  tlio  body,  by 
virtue  ui  it;^  iiiertiu,  wuulJ  tmvt;r»ti  iu  tUo  diioctiim,  and  with 
the  velocity  it  hft3  at  1),  the  dtatonce  DE  =  AD,  if  it  were 
not  acted  upon  by  the  fnn-e  din-ctecl  from  D  to  O.  Thia  latter 
foree,  however,  <lraws  tlia  body  luiide  from  the  lino  DE  by  the 
flistanoe  DF,  iui<l  WingR  it  at  tlie  end  of  the  intorval  U^  the 
vertex,  0,  of  the  i*amIIol()gnuii,  DEfiF.  Similarly,  during  a 
third  e(|iial  interval,  the  budy,  innt«iul  of  traversing  the  distance 
UH,  equal  to  and  aiuiilarly  direoted  with  DGr,  moves  to  K,  the 
vertex  of  the  pamllehigrftm,  GHKT,  and  so  on  for  succeeding 
iBtervals  of  time.  The  liody,  therefore,  under  the  iulluenee 
uf  the  foree  contimially  dmiving  it  totturrU  the  centre  O,  will 
traverse  the  curved  line,  ADCtK,  which  (wmes  more  and  nuire 
nearly  into  i^oineidunco  with  Ihi;  brokm  line,  AIK5K,  the  shorter 
we  make  the  iutervala  of  lime  considered.  The  direction  of 
motion  at  aay  point  of  the  cnrved  path  is  obviously  determined 
hj  the  tangent  to  the  uurvo  at  this  point.  The  rei-tilineor 
motion  the  body  would  liave  by  virtue  of  its  inertia,  if  at 
any  gi\'en  p<jint  the  central  fun-e  shiiuld  cease,  is  culled  il.1 
tanyaUial  motion.  The  straight  Hue,  conceived  as  drawn  from 
auy  instantaneous  pL>sitioQ  of  the  moving  body  to  the  centre 
of  the  circle,  is  called  the  radita  vector  of  the  body.  While 
the  body  moves  from  A  to  D,  the  radiiia  veoUjr  sweeps  out  the 
area  AOD,  and  while  paHsiiig  from  T)  to  Q,  it  sweeps  out  the 
area  1X)U.  etc.  These  areas,  which  arc  in  reality  Wunded  by 
tlitt  arcs  AD,  DO,  etc.,  difTor  but  little  from  the  triangles, 
AOD,  l><-)fT,  etc.,  and  these  diiferences  become  less  and  less 
the  smaller  the  corre9i>oiiding  intervals  of  time.  It  is  readily 
eeeo  that  the  triangles  DOC>  and  AOD  have  equal  areas,  and 
'ii>  with  any  pair  nf  cimdecutive  triangles.*  Tbw  following 
pro|)«*ition,  therefore,  results : —  fVhe»  a  body  u  aoled  upon  by  a 

t  Thifl  rasdilj  api<<.-aT«  br  dnwin^  the  Kits  OE,  uid  noticing  that  trionslo 
L>OG  is  (^ininhint  to  InaogN  DOG,  nooe  Eti  it  pu«Uel  to  tbotr  comotoa  bmt 
lA).  But  AOD  is  c^^uul  to  DOE.  b«muM  these  irikaglH  bare  eqiul  Ubm 
(AO  =  PF.)  aai  tbcu  vtriJoee  lie  at  tlie  nioe  pout  0.  Cviaeqiujtitlv 
IkW  =  AOD. 


z> 


canintl  force,  its  radii  vectoret  gweep  out  Gqaal  areas  in  e'{ual 
tima.  The  converse  of  this  proposition  is  also  tnie.  If  a 
IxHly  mi)ve!i  so  that  the  radii  vectorcs  tt>  fuiy  fixed  poiut  sn'cep 
out  equal  areoe  in  equ&l  tiin«!i.  it  must  Ite  aoted  U|kiii  by  a 
forc«  always  directed  toward  the  |H>iut.  For  the  sp^rlal  caae 
of  a  rectiiinear  motinn  the  force  ©finals  zero, 

35.  Centripetal  Force. — Suppose  a  material  point,  A  (Fig.  34). 
I«  be  moving  in  a  circular  path  with  radius  r  and  velocity  v  ; 
tho  distance,  AB,  traversed  along  the  cir- 
cumference during  the  short  interval  of 
time  T,  equals  vr.  [jpt  the  perpieiidiculaT. 
IJC,  be  dropped  from  H  upon  the  (liameter 
AE  through  A.  AC  is  then  the  small 
distanco  by  which  the  point  during  the 
time  r  is  drami  aside  from  the  tangent, 
AD.  along  which  it  would  move  by  virtu* 
of  its  inertia.  The  right  triaiigln,  whoee 
hyt>othcuiLse  is  the  chord,  AB,  is  similar 
to  the  triangle.  AEH,  whose  hyjHtthemise 
i8  the  diameter,  \E  =  'Ir,  of  the  circle. 
We  hftve,  therefore — 

AC:AB  =  AB:AK. 

The  shorter  the  interval,  r,  and  henoe, 
also  the  distance,  S!^,  be  made,  the  more 
nearly  dues  the  arc  (AB  =  w)  approach 
e<iuality  with  the  chord.  AB.  For  a 
small  enough  interval,  therefore,  we 
liave— 
AC  :  WT  =  Dr  :  2r. 


o 
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and,  consorinentlyi 
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Daring  a  very  small  interval  of  time,  the  force  directed 
toward  O  may  lie  regarded  as  invariable,  and  the  motion 
produced  by  it  as  uniformly  accelerated.  Denoting  the  corre- 
sponding acceleration  by  C,  the  space  traversed  dnring  the 
lime  r  beoomes  AC  =  Jflr*. 
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Equating  the  two  values  of  AC,  we  obtaiu — 

2?' 


h^  = 


and.  oonaeqaently,  for  the  centripetal  atx^leretiou, 


The  centripetal  force  C  is  otitained  by  mtiUipIyiiig  the 
acceleratimi,  c,  hy  the  luaasi,  m,  of  the  moviug  point.  There 
reeiiits, 

C  =  ""^. 
r 

The  eeatripeUd  force  is  directly  ^roportiotuU  to  th^  masB  attd 
to  the  sjuare  of  tJte  teJocity  aitd  inveneli/  jyroiiortional  to  the 
radius  of  ths  path. 

ThiA  propositiou,  which  rof)iUt«i  frniQ  the  conHideration  of 
anifumi  tiuition  in  a  circular  pntli,  bo]iU  gonerully  t'lir  all 
ctmiliiiear  motion.  For,  at  anj'  point  of  a  curro,  a  circle 
(th«  oficnlatiug  circle)  m«y  bo  drawn,  whow  circamforoDCe 
eoaleacos  with  the  ijiven  ourvo  at  tho  chosen  point,  so  closely 
ibat  the  matariAl  point,  while  traTersing  this  portion  of  itH 
|>ath,  moves  for  a  «hort  time  on  the  ciri?umference  of  this 
circle.  For  cnirilineiir  paths,  therefore,  we  liave  only  to 
iubstitute  in  the  forej^oiiig  cxprfctsion,  the  value  of  the  railiiis 
iif  vim'atnre,  p,  corresponding  to  the  ^loint  in  <iiitiBtiou  rr>r  the 

nuliiis,  r.    The  quotient, -.  is  taken  as  the   measure  uf  the 

P 
curvature  of  the  curve. 

It  is,  moreover,  a  priori  apparent  that  the  force  required 

t<(  deflect  a  l>udy  from  the  stmight  line  must  L>e  greater,  the 

greater  the  w  viva,  or  energy  (imt^X  "f  *h6  body  and  tbo 

sharper  the  cunature,  -,  of  the  i>atli. 

With  uniibnu  circular  motion,  the  period  of  revolution,  T, 
in  orilinorily  nsed  in  place  of  the  velocity,  v.  T  being  the  time 
\>t  r^vulutioQ  about  the  entire  cin.'umforoac<j  2irr,  we  may  write 


V  = 


«4 
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0  = 


J? 


Subetitating  this  value  of  o  in  the  foregoing  value  of  O, 
we  find 

uid  ve  jnAj  say: — The  centripetal  /orce  of  a  hod^  moving 
uniformly  in  a  drde  i*  dircdly  proportumai  tc  M«  mats  and  the 
TodiM,  and  incwMly  proportional  to  the  square  of  tk«  period. 

39.  Centrifn^  Forcc-^A  IdcmiioliTe  running  on  a  crtrvt 
track  strives  rroutinnaUy,  W  reasuu  of  itti  inertia,  to  leave  tlie 
track  in  thu  directiou  of  the  taageot,  A6  (Fig.  35),  and  to 
move  in  a  direction  which  would  carry 
it  away  from  the  centre  of  cutTature,  O, 
of  (he  curved  track.  This  tendency  to 
tangential  motion  ish'jws  itself  in  a  piwt- 
sure,  AC,  which  is  exerted  by  thi'  tiaiige 
(rf'  the  outer  wheels  against  the  inner 
Aide-  of  the  rail  fanhest  from  the  eeutrc, 
O.  Thuj  pressure,  or  force,  is  called  the 
eenirifnf/ai  force.  From  the  unyieliUng 
inner  surfai-'B  of  the  rail,  a  force,  AD. 
equal  to  the  <»ntrifugal  force,  is  exert«(l 
to  keep  the  loeumotive  upon  the  track. 
Centripetal  foice  and  centrifugal  force  arc  to  W  regardeil,  then, 
nierelv  as  an  m-tiim  and  reactiim,  aiid  are,  therefore,  always  equal 
and  uppused.  The  centrifugal  force  U  unly  tlie  resistance  which 
the  moving  mass,  by  reason  of  its  inertia,  opposes  to  ac<.<elera- 
tion  in  the  direction  touanl  the  centre  of  curvature  and  may 
be  called  resiatance  of  inertia.  It  always  esiats  with  corrilinesr 
motion.  If,  for  example,  a  stone,  fastened  to  the  end  of  a 
string,  or  placed  in  a  ^ling,  be  whirled  rapidly  about  on  tho 
oiioumference  of  a  circle,  the  airing  undergoes  a  stretch,  which, 
acting  a«  a  centripetal  force,  constrains  the  stone  to  tuni  aside 
from  a  rectilineur  path  and  describe  a  circumference,  while,  at 
the  aame  time,  acting  as  a  centrifugal  force,  it  exorts  a  pull  U[ion 
the  hand  holding  the  other  end  of  the  string.  If  the  string 
suddenly  breaks,  or  if  one  end  he  niddealy  released,  the  centri- 
petal, and  with  it  the  centrifugal  force,  suddenly  cease,  the 
stone  flying  off,  by  rcaitou  of  its  inertia,  in  the  direction  of  a 
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buigent  mi<J  v\%\\  tho  veluctly  latained  nt  the  iostant  uf  lis 
release. 

When  mlil-stonw.  ;;iiiid'5 tones,  and  fly-wheels,  turn  ■nitli 
lou  high  velouitiea,  the  centhfuj^al  lori-e  may  beciume  ho  ^real 
ts  lo  treat  them  in  iiiecorf  «ntli  siicli  violonce  that  the  fragments, 
huried  off  in  t&ngentiat  «Iiroi-tiotL«,  oftentimes  prtxlui-e  serioim 
damage.  A  um^riil  Hpplin'atiosi  of  this  principle  uf  cuiiLrifiigal 
force  ia  hiul  in  the  centrifngai  drffin^'ituieiUm,  iiso<t  fur  ilryin;c 
cIotbiD^,  for  uhtttiniii*;  the  juice  from  the  piilyorized  lieet-root. 
for  aeparating  crystals  from  their  diaintcgratod  matrices,  etr. 
To  dr^r  uhHhing,  for  example,  tbo  diunp  fabric  is  plu^  in  n 
cylindrieal  drum,  whose  (■irciiiuferoneo  consists  of  «  iietwcirk  of 
wire  gauKC,  anil  the  drum  iii  »et  iu  rapid  rotation.  The  Krticlea 
to  l>e  dried  arc  pressed  (by  the  centrifugal  force)  with  great 
puwer  against  the  inner  surface  of  th«?  dnim,  and  the  water,  tliiu 
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oat  of  the  i-lotli,  {lussos  through  the  meshes  of  the 
wire  gaiize  and  flies  off  an  spray  in  the  direcliou  of  a  tangent. 
The  action  of  the  centrifugal  force  is  luaije  very  Kluarly 
apparent  by  tilling  a  gta.ss  tumbler  mth  water,  fasteatag  u 
striug  to  the  tumbler  and  Hn-ingiug  it  orer  the  bead  in  the 
ciivniuforence  of  a  cin-le,  an  in  done  with  a  aliug.  Even  when 
the  innibler  is  at  the  highest  point  of  ib«  path  and  its  louiiih 
in  turned  downward,  the  water  does  not  flow  out,  because  the 
centrifugal  ftirce  here  acts  direi^tly  against  grBTity  and  with  ttu 
intensity  greater  than  that  of  gravity.  I'henomeua  iu  some 
eenae  similar  to  thefte  are  exhibited  by  the  centrifu^  raUvfoy 
(Fig.  3C).  'Here  a  little  car,  deueeuding  from  the  platfonn. 
A,  with  a  velocity  corT(>H)>oudiug  to  that  due  tu  a  vertical  fall 
through  the  height.  Alt.  traverses  the  circular  loop.  BC,  of  the 
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track  at  C,  having  iu  tnioks  turned  upwanl.  mil  liually  it 
arrives  safely  at  the  platfonn,  D. 

Since  centrifugal  force  is  alnays  equal  to  oentripetat,  \t» 
iatenaity  is  given  by  tbe  t^ame  exprei»»ious.  vi^. : — 

C  =  !?.naudtJ  =  i'5"-. 

To  prove  both  tlte  fact  ant!  the  law  of  centrifugal  force,  the 
80-called  centrifugal  jnat^hitu!  is  used. 

IVo  vrbeelii  irith  pnrallel  axes  (l''ig.  S7),  a  larger,  calletl  a 
drive  icJiW.antl  a  Rmaller,  with  its  axiii  eo  arraiii^d  tliat  rarioiui 
appaiatiut  for  experimeuiation  may  be  attaclied,  are  connected 
by  an  endless  curd,  ur  band,  which  works  in  grooves  on  their 
circnmCereiices.    The  larger  wheel  is  tarned  with  the  baud  by 

meaas  of  a  pin,  and  Ihi.- 
arid  of  Ibe  smaller  wheel 
is  then  set  rotating  with  » 
velocity  as  many  times 
greater  than  the  velocity 
of  the  axis  of  the  larger, 
as  the  radius  of  tbe  larger 
wheel  exceeds  that  of  the  smaller.  Soppose.  for  eiample,  a 
wooden  frame,  carrying  a  nire  stretched  borizontallr,  be 
attached  to  the  axis  of  the  smaller  wheel,  and  a  pair  of  metAl 
balls,  provided  with  holes  for  the  reception  of  tbe  stretched 
wire, !»  fastened  together  with  a  cord,  and  }ilipi>ed  on  the  wire 
BO  as  to  shift  easily  Iwick  and  forth  aluug  the  wire.  If  the 
balls  lie  on  opjHnito  side»  of  the  axi?.  and  rotation  has  begun, 
tbe  ceotrifugBl  force  will  spread  them  ajmrt,  and  that  ball 
whose  centrifugal  force  ia  greateHt  will  draw  the  other  toward 
it  along  the  wire  A  |KM)ition  may  be  readily  fmind  in  which 
the  Imlls  remain  at  rest,  since  tbe  centrifugal  fim-es  here  hold 
each  other  in  eqnililtrium.  This  ixmitiuii  will  be  found  to  be 
that  in  which  tbe  distances  of  the  bodies  from  the  axis  of 
rotation  aic  inversely  us  their  masses,  or  that  in  which  the 
product  of  the  moss  of  a  ball  by  the  radins  of  the  circle  it 
traverses  i«  the  mme  for  both  ballit.  With  the  same  periods  of 
revolution,  therefure.  the  centrifugal  force  is  as  the  mass  and  as 
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ibe  radius  of  the  path,  or  orbit.  If  a  rertiml  shaft,  to  which  two 
rvtU,  each  cArrying  a  bull  at  it>i  lower  eml.  are  hingod  so  as 
to  act  like  pendulums,  be  set  upou  the  axis  nf  the  centrifugal 
machine  and  the  axis  be  rotated,  the  balLs  will  separate  farther 
and  farther  from  each  other  with  incroosod  rapidity  of  rotation 
lUid  the  Bpreading  will  occur  with  sufficient  fore©  to  raise  a 
weight  aluag  the  axis.  A  prHtiticnl  applimtion  of  this  apparatus. 
ealled  the  eenlrifagal  regulator,  is  made  in  the  governors  for 
(rtcani  engines.  If  u  hollow  gliuss  ghil<e  (Fig.  38),  containing 
■  little  mercury  and  a  quantity  dI  coloured  water,  be  rapidly 
tnrtiecl  about  its  vertical  axis  by  moans  of  tlie  centrifugal 
machine,  the  lUKniury  being  more  tnoasive  than  the  water,  will 
attain  a  greater  centrifugal  fon<e,  and  will,  consieq^iientlT,  he 
ilriven  farther  from  the  axia  than  ti  the 
water.  The  mert-ury  will  form  a  brilliant 
zone  about  the  erjuator  of  the  globe,  above 
an<t  b«low  which  a  band  of  coloured  water 
will  be  fonuoH.  .Vn  elastic  hoop  of  metal, 
attft'^bed  to  the  vertical  shaft  of  the  centri- 
fngal  machine  in  euch  way  that  the  prolouga- 
tion  of  the  shaft  forms  the  vertical  diami-'ter  m     »     «„ 

of  the  circle,  is  deformed  by  the  centrifugal  CenSifagaTllMhiiif. 
foroe. which  acts  most  strongly  on  those  points 
of  tho  hoop  most  remote  from  the  shaft,  in1»  an  ellipse,  and 
Kpreeenta,  in  miniature,  the  flattening  of  the  earth.  To  prove 
that  the  oentrifngal  force  is  proportional  to  the  square  of 
the  velot'itv,  we  omy  mie  a  centrifugal  machine,  which,  in 
addition  to  the  drive  wheel,  has  two  smaller  wheels,  one  having 
a  diameter  only  half  as  great  as  the  other,  and.  when  driven  by 
the  Huuc  cord,  n>tatiitg  in  half  tlie  time  of  the  larger  wheel. 
Ppon  each  of  tho  two  %'ertical  axes  let  a  frame  carrying  a  horJ- 
sontal  nirc  be  placed,  along  which  a  boll  may  ttlide  with  gentle 
friotum.  To  each  ball  let  a  thread  be  attached  and  |)«ssed  over 
Iwo  unall  rollers,  one  above  the  uther,  8upporfe«l  by  a  vertical 
poett  at  tho  middle  of  the  fhime.  The  end  of  the  cord,  after  pass- 
ing over  the  roller,  n  attached  to  a  scale-pan  for  the  reception 
of  weights,  Uoth  frames  are  identical  in  all  r^^spects.  If  the 
tiutchine  bo  set  rotating,  both  pane  will  be  raised  simulianeonsly 
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by  the  oeDtrifagu]  furtxti!  lu^ting  nn  the  curds,  when  the  i>aii 
belonpnp  to  the  frame  nitutiiig  witli  double  Telocity,  carriee 
four  tiiutw  as  jrrwit  a  weight  as  thot  upon  tho  other. 

If  a  siubII  meljil  ryliitilor,  i>r  bar,  be  Bttochud  by  &  curd 
to  tbe  luwer  end  of  the  axis  of  the  ueutrlfugnl  macbiue,  it  vnti 
rotate  at  the  uutst't  aUmt  iLi  own  vortit-ai  axis  (Fig.  SO.  A). 
If,  however,  the  t^ylinder  be  nccideutally  drann  aside  from  the 
Tertical  position  by  tbe  leut  couceivable  amouat,  there  will 
uiiie,  throiij,'h  the  octiou  of  the  centrifii'p^nl  fonies,  8tri*iug  to 
draw  the  body  as  far  an  [njssible  from  the 
axiii,a  cr<mp1e,  by  which  the  cylinder  will 
dually  l«e  dranu  iuto  the  horizimtal  pusi- 
tioii,  11.  If  the  cylinder  be  drawn  out 
of  this  positioa  of  stable  equilibrium,  b* 
ustablish  wbioh  the  ceutrifugal  fort*  htw 
|)erfurmed  it^  lueehauieal  work,  it  will 
retum  to  it  again  of  its  own  accord.  In 
a  nimilar  way  a  ring,  8US]>endod  by  a 
thread  and  set  rotatinir  about  a  verticfll 
^  axis,  assumes  a  honzontal  position  by  virtiif 

of  the  centrifugal  i'owe  noting  npon  its  circumference- 

The  ceutrifugHl  force  raiis©<I  by  tbe  dinrnal  rotation  of  the 
earth  is  overvwhere  peq}eiidtt;iilar  to  the  earth's  axis  and 
dire<'ted  away  from  it.  Since  for  all  points  of  the  cjirth's  surface 
tbe  perio<l  of  rotation  is  twonty-four  hours  (^sidoroal  time),  the 
centrifiigaJ  force  at  any  point  is  proportional  to  the  radim  of 
tbe  parallel  of  latitude  desmbeil  by  the  point  in  its  diurnal 
motion.  At  the  equator,  where  it  nets  directly  against  grayity, 
tbe  centrifugal  force  in  a  niaximuiu  and  cipials  ^  J5  of  gravity. 
37.  Oyratory  Motion. — If  the  ui&as  uf  a  rigid  Uidy  rotating 
about  KU  axis  !«  distributed  uniformly  about  the  axis,  the 
tesultttut  force  acting  on  tbe  body,  arising  out  of  the  rotation, 
will  be  eqmJ  to  zero,  i.e.  there  will  be  no  8Uch  force.  For,  the 
centrifngal  force  of  each  particle  will  be  destniyed  by  the  equal 
and  opposite  centrifugal  forcw  of  that  particle  uf  the  body 
diametxiailly  opposite  to  the  former.  lu  this  case  the  axis  in 
called  a  free  axis.  Since  every  partible  .>f  matter  rotaliug 
about  a  free  axi:<  strives  by  its  inertia  to  remain  in  its  plane  of 
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n>tfttiuu    perpeudiciiUr    lo   thia   dxia.   the  free   bxw  shows  u 

tenilency  to  maiotain  its  directiou  in   space,  and  opposes, 

tlierefore.  to  auy  extorual  force,  seeking  tii  draw  it  out  of  tHi^ 

«liret:tion,  a  resiatant-o  ]>roportioual  tii  the  vig  viva,  or  eneryy  of 

the  motion  of  rotation.    Thn^  it  ba|i{«iiii  tliat  a  lieavy,  rapidly 

rotatin;;  disc  does  not  fall,  when 

it«  axi»  is  inclined  (Fi^.  40),  and 

that  whoels,  e.^.  of  bicycles,  hoopp, 

pieees  of  coin,  etc.,  do    uut  fall 

iiver  while  rolling  uj>on  ai\  ed;;e,  or 

spinning  npon  a  vertical  diameter. 

The  effect  of  the  disturbing  force 

of  gravity  U|Mm  the  gyroecope  iw 

iibott'D  in  the  demtion  of  the  axi.^ 

of  rotation  iu  a  direction  perpen- 

dtcnlar    tu   the   dirL-ction    of   the 

action  of  the  disturbing  force,  anil 

its  oonseqtient  slow  motion  on  the 

xotface  of  a  cone,  without  the  oecwrreuce  of  any  change  whatever 

in  the  inclination  of  the  axis  to  the  horizon  (Fig.  41).    If  a 

circubir  diHc,  ACBIJ  ( Fig.  42),  tiinis  about  nn  axis  of  symmetry, 

MS.  eapi>orte<l  at  iE,  iu  the  direcMitm  of  the  cun-ed  arrows  {seen 


A. 


--.it 


Flli.     I'l.  — Cj-fOlOrtpl*. 


Fw.  41. — O^TMOope. 


Fw,  42.— OjmMeope. 


from  above,  in  the  direction  of  the  hands  of  a  watch),  and  the 
weight  of  the  diac  acting  at  the  centre  of  gravity  S  cannea  the 
axis  to  aink  by  a  small  amount;  that  ia  tu  twy,  (wuseH  a  slif^bt 
turning  of  Llio  disc  about  itti  bortzomal  diameter,  AB,  or  some 
line  poiallel  to  AB ;  the  direction  <if  motion  uf  the  highest 
and  lowest  points.  C  and  O,  nill  remain  unchnu^d,  xince  they 
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have  sufieteL)  ouly  u  purallel  (lUplat-ament.  But  at  the  endit  uf 
the  diametert  .VB,  »  cbiuigu  of  direution  occurs,  and  in  Ic.<(i*er 
degree  at  all  other  |>r>iiits  of  tbe  circumferonce.  At  A  and  B 
there  will  a.risc  out  of  the  tendency  of  the  disc  to  persist  in  its 
piano,  the  forces  p  and  fi  perpendicalar  to  the  plane  of  the  disc 
These  equal  and  opposite  foroee  constitute  a  couple,  which 
liroduces  a  rotation  of  the  disc  aix)Ut  the  diameter,  (M),  jierjicii- 
dicular  to  AIJ,  and  with  it,  a  progressive  motion  of  the  end  of 
the  axis  in  the  direction  of  the  hands  of  a  watch.  The  points 
0  and  D  arc,  therefore,  compelled  to  leave  their  directions  of 
motion,  and  the  resistance  to  this  change  of  dircctiou  giroH 
rise  to  the  couple,  gg,  which  turns  the  disc  about  its  horiKontal 
diameter,  AH,  in  such  way  iisto  elevate  the  axis. 

The  tendency  of  u  free  axia  to  niuintaiu  itjt  direction  in 
8pai.-e  may  be  proved  by  moaua  of  iJohuonbergor's  rotatiu{: 
apparatus  (Fig.  43).  This  apparatus  consisUi 
of  a  globe  \vho%  axLi  of  rotation  is  so  sup- 
{•orted  on  three  rings  turning  njtbin  one 
unuther,  that  it  may  assume  any  position 
wliatever.  if  the  globe  be  set  in  rapid 
rotation  by  first  winding  a  coid  about  iti 
axis  and  then  suddenly  pulling  it  oflf,  this 
axis  will  remain  continually  parallel  to  iteell. 
howaoever  the  apparatus  may  be  turn(?d,  or 
inclined.  Examples  of  rotation  about  a  free 
axis  are  aflorded  us  in  the  planets,  and,  08  h 
special  case,  by  the  earth.  If  the  earth  were  a  perfect  Kphcre. 
its  axis  would  remain  for  ever  parallel  to  ileelf  and  always  point 
t-o  the  polo  star.  The  attraction  of  the  sun,  however,  upon  the 
earth's  eijuatorial  belt  of  matter,  gives  rise  to  a  disturbing  Ibroe. 
which  is  ever  atriving  to  bring  theaxis  of  the  earth,  now  inc]iueil 
at  an  angle  of  BC'S"  te  the  earth's  orbit-plane  (called  the  plant- 
of  the  ecliptic),  to  exact  perpendicularity  to  this  plane.  But 
as  with  tbe  gyroecojie,  tbe  axis  of  tbe  earth  does  not  alter 
its  inclination  to  the  plane  of  the  earth'i^  orbit.  It  merely 
describee,  during  an  interi'al  of  something  more  than  25,801.1 
jears,  a  conical  surfuee  of  approximately  47^  opening,  about  the 
perpendicular  to  the  plane  of  the  etdiptii:.     The  effect  of  thi.s 
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is  tliAt  in  Uie  course  of  thousands  of  years,  widely  difiTereiit  ntara 
«m  t&ke  their  tiiru  as  pole.atar  to  the  earth.  For  examplo. 
12000  years  benw,  the  brilliant  atar  Vegn  («  Lytro)  will  be  the 
Ijole  star.  This  slow  voiiiiMl  motJini  oi  the  earth's  axis  causes 
the  equiuoxes  to  nin  tuuard  the  west  upon  the  ecliptic  by 
aljout  50  secoiid-i  uf  BIT!  yearly,  aiid  this  westward  motion  <if 
these  points  is  known  ua  the  precemon  of  the  eqtUnocDes. 

38.  Aa^Iar  Velooity. — When  a  body  retatea  about  &&  axis, 
each  uf  itit  jioiiits  dei^cribe^  e.  oii^MiniferHiK;^,  »li()<ie  ceutre  hos 
iipou  the  axis  and  nhotw  plane  is  ]Kir])MndiL'uUr  tn  il.  The 
velucitiM  of  the  rarionK  points  are  directly  as  ihe  ladii  of  the 
circles  travtirscd.  or  what  is  tho  sauie  lUiuf;.  as  the  diaUuices  i)i' 
the  p-iiuts  from  Ihe  axis.  If,  then,  tho  \eUM:ity  be  kuowu  for 
any  jxirticiilar  distance,  e.g.  for  the  distau^'e  1  from  the  aaxi,  it 
a  known  for  all  points  of  the  rotating  body.  This  velocity  at 
distance  tmity,  i.e.  the  leuf^th  of  a  oircular  arc  traversed  by  a 
poiut  at  unit  diutaiice  from  the  axis  during  one  second,  is  called 
ihe  angular  vdooiUj  of  the  rotating  body.  If  it  ig  g'ivon,  the 
Telu<:ity,  v,  of  any  pttint  h  nbtaiiiod  by  multiplying  theaiigular 
\-elocity  by  the  distanco,  r,  from  the  axis  (i.e.  v  =  rw).  This 
magnitude  U  (ralle«l  '■  nngidiir  velocity ;  *'  because  the  arc  of  the 
circle  of  rwlius  unity  may  be  repanled  as  a  meaaitre  of  the 
magnitude  of  the  angle,  through  which  the  body  revolves  in 
une  Wi'ond  ;  or  if  the  mtatidu  is  not  uniform,  thiean^le  through 
which  (hf  Imdy  wuuM  rotate,  if  from  the  iuataut  cou^idea'd,  no 
further  change  of  velocity  nhould  occur.  By  angvlar  acedaration 
is  iiiMiiit  till-  i'Imii<:e  of  angular  velocity  during  a  vmit  of  time. 

39.  Moment  of  Inertia. — If  a  body  turn  about  an  axis,  each 
4ff  ita  porticloe  ixi^-tcsdiL-s  by  virtne  of  this  rotation  a  certun 
quantity  of  the  oucrgv  of  motion,  or  via  viva,  which  is  expressed 
by  the  half  [iroduct  of  it«  mtus  (m)  into  the  i^vjiiare  of  ite 
Teiodty  (o),  Le.  this  euergy  equals  ^mv*.  or,  if  w  be  the  angular 
veloci^.or  velocity  at  distance  unity  and  r  denote  the  distance 
of  the  particle  from  the  axis,  it  ecjuaU^vr)r'(i/\  A  lDas8,;i,at  the 
-distance  unity  front  the  axis  has,  with  the  same  angular 
velocity,  the  energy  ^fna\  whii-h  equals  the  foregoing  if  the 
mass,  II,  be  S4>  cho^eu  that  ;i  =  mr'.  The  particK*,  t».  at  tho  diit- 
lance,  r,  from  the  axis  may.  therefore,  l>e  replaced  by  the  mass, 
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mH,  at  the  distance  unity  from  the  axis,  without  in  any  way 
affecting  the  eneigy  of  the  body. ,  If  the  mass  of  erery  particle 
be  thus  multiplied  by  the  square  of  its  distance  from  the  axis 
of  rotation,  and  all  these  values  be  summed,  the  result  will 
be  the  mass,  which,  applie<i  at  the  distance  unity  from  the  axis, 
might  replace  the  actual  mass  of  the  body  without  the  energy 
of  rotation  of  the  body  in  any  way  suffering  modification.  Thk 
sum,  written  SmH,  is  called  the  mometU  of  inertia  of  the  body. 
\Mien  its  value  is  known,  experimentally,  or  otherwise,  the 
problem  of  rotatory  motion  is  extraordinarily  simplified,  because 
by  its  means,  instead  of  the  countless  number  of  material 
particles  at  differaut  distances  from  the  axis,  we  need  consider 
but  a  single  mass  concentrated  in  a  single  point,  or  nuiformlr 
distributed  along  the  circumference  of  a  circle  of  radius  unity. 
The  energy,  or  vts  viva,  of  a  rotating  body  is,  then,  equal  to  the 
half  product  of  its  moment  of  inertia  into  the  square  of  the 
angular  velocity. 

40.  nie  Fenduliuii. — A  small,  bnt  heavy,  material  body, 
suspended  by  a  slender  line  of  the  least 
possible  weight,  is  called  a  aiinpIejiaiMiii- 
lum.  If  the  pendnlnm  coid  is  considered 
aa  having  no  weight,  and  the  body  as 
bding  a  single  material  particle,  it  is 
called  a  mathematical  pendulum.  If  the 
pendulum  be  drawn  aside  from  its  ver- 
tical position  of  equilibrium  (OA,  Fig. 
44)  and  then  left  to  more  of  its  own 
accord,  it  will  return,  under  the  action 
of  gravity,  along  the  circular  path  (BA), 
with  increasing  velocity  to  this  position 
again.  The  inertia  of  the  mass  will 
not  allow  the  IxkIv  to  remain  here,  but 
will  carry  it  across  this  position  with  the 
velocity  due  to  the  fall  through  the 
vertical  distance  FA,  thereby  i*ausing  the  pendulum  to  describe 
an  arc,  AB',  equal  to  AB,  but  with  continually  diminishing 
velocity.  At  the  highest  point.  It',  the  reloi'ity  will  have  been 
exhansted  by  the  opposing  force  of  gravity,  and  the  pendulum 
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will  here  come  to  rest.  The  motion  of  the  pendulum  from  the 
extreme  point  (B)  oo  the  one  aide,  to  the  extreme  point  (B') 
on  Hlq  other,  is  called  a  vibration  ;  the  angle  BOA',  which  the 
suspending  fibre  in  its  extreme  position  makes  with  the  pmition 
of  equilibrium,  is  called  the  amplitude  of  vihraiion.  During 
the  second  Tibration  the  pendulum  returns  to  its  initial  position 
(B)  in  precisely  the  same  way  as  during  the  first  vibration. 
It  would  continue  to  vibrate  incessantly  with  equal  amplitude, 
were  it  not  that  external  hindrances,  such  as  friction  of  the 
point  of  suspension,  resistance  of  the  air,  and  so  forth,  con- 
tinually diminish  the  amplitude,  'and  finally  bring  the  pen- 
dulum to  rest  in  its  position  of  equilibrium. 

The  force  which  compels  the  pendulum  to  return  to  its 
position  of  equilibrium  is  a  component  of  gravity.  In  the 
figure,  let  BC  denote  the  vertical  downward  pull  of  the 
weight  of  the  pendulum.  According  to  the  parallelogram  of 
forces,  this  force  may  be  resolved  into  the  two  rectangular 
components,  BE  and  BD.  The  former  of  these  acts  in  the 
direction  of  the  suspending  fibre,  and  the  latter  in  the  direction 
of  the  tangent  to  the  circular  arc,  or  in  the  direction  of  the 
motion  of  the  body  at  the  point,  B.  Only  the  latter  can  be 
instrumental  in  producing  motion ;  the  former  being  wholly 
expended  in  stretching  the  cord.  If,  now,  BP  be  drawn  per- 
pendicular to  OA,  we  have  from  the  similarity  of  the  triangles, 
BCD  and  BOP,  that  the  moving  force,  BD,  is  to  the  entire  force 
of  gravity,  BC,  as  the  distance,  BP  =  r,  is  to  the  length  of  the 
pendulum,  OB  =  I,  or  that — 

BD  :  y  =  r  :  I. 

Prom  this  it  follows  that  the  moving  force,  BD  =*^  ,  for  one 

and  the  same  pendulum,  is  proportional  to  the  distance  of  the 
pendulum  bob  (the  heavy  body)  from  the  position  of  equi- 
librium of  the  suspending  fibre. 

When  the  amplitude  of  vibration  is  small,  t.e.  not  exceeding 
2^  or  3",  the  curved  path,  BA,  described  by  the  pendulum  bob 
from  any  point  of  its  path  to  the  position  of  equilibrium,  is  not 
appreciably  different  from  the  right  line,  BP.  Since,  then,  the 
moving  forces  are  proportional  to  the  distances  traversetl,  it 


t. 


74 


KXPERISIENTAL   PBTSICS. 


is  obvious  that  llie  time  required  to  attain  the  position  »( 
eqiiilibriiun  will  be-  the  »une  whether  tlie  amplitude  be  2°  or  3P. 
OT  only  a  few  nuDutes,  ur  seconds  of  arc,  lu  cose  of  a  small 
amplitude,  therefore,  all  vibrations  aro  performed  in  equal 
times,  or  they  are  Uochronoue.  GfllileM>,  at  the  age  of  twenty 
ye»is,  diw^overeJ  this  law  in  1083,  by  aecidGntftlly  observing 
the  ribratious  of  u  bninsse  lamp  suspended  in  the  cathedral  at 
Pisa.  r>y  couutiug  his  palse-beats  he  conyinced  himself  that 
the  vibnitioiiSt  though  gruuiii^  ever  smallor,  otill  ronmimc^l 
the  same  time  in  their  perfonuance.  L'])od  this  law  of  the 
isochronous  vibration  of  pendulums,  Huyghena'  application 
of  the  pendulum  U>  nlocks  in  14i57  depends.  In  this  appli* 
cation,  the  problem  n'as  to  convert  the  varying  motion  of  a 
^B  Kvsteni  of  wheels  produced  by  a  weight,  or 

"■^  a  siTing,  checked  at  equal  inten-ala  of  time 

and  for  only  an   instant,  into  a  uniform 
motion. 

Let  U6  now  consider  the  i)endulum, 
(Fig.  45),  which,  at  rest,  would  hang  in  the 
jioftilion,  UA.  If  the  pendulum  bob  be  drawn 
adide  to  B  and  then  let  go,  or  if  an  impulse 
at  A  be  )mparte<l  to  it  in  the  direction  AB. 
it  will  vibrate  Uck  and  forth  in  the  plane, 
OIJB',  along  Ihe  stnught  line,  BB'.  Like- 
wise it  could  be  made  to  vibrate  along  any 
deured  line.  «-y.  along  CC  jierpendicnlar 
to  BB',  by  giving  it  an  impulse  in  this 
direction,  or  by  pulling  the  pc-ndulum  aside 
to  C,  or  C",  and  Ifttt ing  it  go.  Suppose,  now. 
the  pendulum  to  bo  set  vibrating  alimg  UB'  and  at  Iho  instant 
it  reaches  H,  an  impulse  to  be  given  to  it  in  the  direction  B^ 
per|>endi(-ular  to  BA,  which  would  carry  it,  if  free  to  move  in 
thi.t  direction,  just  as  fur  from  B  tonard  the  tsido,  as  the  distance 
of  the  body  from  the  pt>aitiou  of  equilibrium,  A,  at  the  instant 
of  the  impulse.  The  jwndulum  would  then  describe  the  circle 
Bf:'  B'  CB,  in  the  direction  of  the  arrows  and  with  uniform 
velocity.  From  this  we  readily  recognize  that  circular  motion 
may  be  r^arded  as  a  compound  motion,  consisting  of  two 
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aimultuiecms  rectilinear,  mutually  perpendicular  vibiatory 
motions  along  BB'  and  OC :  or  t^unversely,  that  circular  motion 
may  b«  decomposod  into  two  such  motions.  It  is  also  easy  to 
see  that  if  tho  poudiiliuu  vibrato  roctUinearly  (along  BB')  pre- 
dsely  the  samo  time  is  neodod  ior  an  oscillation  to  and  fro,  as 
the  circular  pemlulum  reqnin's  for  a  complete  reTolntion.  For, 
if  the  circtila-r  ]>en<]ulum  be  illtiminateil  by  a  horizontal  beam 
of  light,  parallel  to  CC  the  shadow  upon  a  vertical  nail 
parallel  to  BB'  mores  in  precisely  the  same  way  as  the 
pendulum  vibrating  reutiliuearly  alou^'  BK'.  Both  shadow  and 
rectilinear  pendulum  complete  a  duuble  vibratiou  in  the  time 
raciuireil  for  the  tnrciilar  pendulum  tti  make  a  revolution.  We 
know  from  [^i^),  that  fur  circular  mutiun,  the  centrifugal  force — 

where  »)  ia  the  maas  of  tlie  moving  body,  r,  the  radius  of  the 
ctrcidar  path,  and  T,  the  time  of  rovolutiou.  Tha  (-eiitrijietBl 
force,  which  alone  draws  the  pendtjiun  to  the  position  of 
eqtiilihriura.  A,at  the  centre  of  the  ciroidar  path  is  here,  where 
only  Nitall  amplitudes,  r,  are  considered,  merely  the  component 

of  gravity  obtained  above  (B^  Fig.  44)  and  equals  '.  ,  whorep 

id  the  weight  of  the  pendulum  bob,  I,  the  length,  OB,  of  the 
thread,  and  r,  the  distance,  AB,  which  is  the  radius  of  the 
circular  path.  If  m  denote  the  moss  of  the  pendulum  boh 
and  f/  the  acceleration  of  a  freely  foiling  budy.  wc  have  p  =  nij7. 
Therefore,  the  centripetal  force  acting  on  the  circular  i)endulum 
is  expressed  by — 

^-  T"- 

This  expresftiou  must  become  equal  to  that  above,  and  we 
bare — 

mjrr  _  4ir*w»r 

Kince  tn  and  r  divide  out  of  both  sides  uf  the  eqaatioui 
it  reduces  to — 

y^  4t» 
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or  to — 


aitd  extmcting  tlie  s^itiare  ruot  of  butU  sides  we  obtain — 


=  2,V^i 


for  the  time  of  a  (ionble  vibwtion  of  e  pendulum  swiuging 
ret^tilinenrly  in  h  vertical  plane,  wbirh  is  tbe  lime  reqntrwl. 
The  time  uf  a  single  vibration  is  then  half  of  this.  The  lime 
of  vibration,  /,  of  a  jwiidiilum  is  then  exj>rcs»ed  by— 


/  =  *rV-, 


|inivided  the  aniplitndu  is  .sufficiently  luuall.  hi  thiu  equation 
(where  jr  is  the  ordinary  Ludolphian  number  SHloi)...),  all 
laws  of  ribratitiu  of  the  pentluliun  aie  contained.  The  law  of 
LStK^hronism  i.s  expresRed  by  the  fact  that  I  is  indejjendeut  of 
(lie  amplitude,  isinre  r  divided  out  of  tbe  above  eqiiatioo.  It 
is  altto  indepeudeiit  of  the  mass,  or  weight,  of  the  body,  since 
m  almj  divided  uut.  Newton  verified  that  tbe  tirae  of  vibration 
of  A  penduluu  id  iadepeudcnt  of  the  mass,  by  AUfijieudtug  a 
hollow  box  by  a  slender  cord,  then  tilling  the  bos  with  various 
substancos  and  noting  the  time  of  vibration.  The  fonu  of  the 
box  lieing  eltrays  the  same,  the  Kamc  atmospheric  resintanoe 
vras  always  encnuntere«l  by  Ihe  [(endubim.  and  he  found  the 
tinio  wf  vilrratiun  to  be  always  the  same  Frnnt  this  it  Fi>ll(in'.s 
that  to  all  bvdiae,  regardless  of  tcviffftt,  or  molecular  coH$tit«iion, 
the  force  of  gravity  imparts  tfte  mme  acMltnition,  or  that  ail 
bocU^  fall  mth  equal  rapidity.  This  exjiorimout  with  the 
simple  pendulum  is  much  more  accurate  than  the  one  formerly 
adduced  to  verify  the  same  principle.  For,  despite  atmospheric 
resistanre,  a  penduhiin  can  perfcirm  several  thousand  vibratioas 
befiirf  (timing  to  rest,  and  all  thesu  vihrotions,  from  the  first 
ones  of  large  amplitude,  1o  the  later  ones  of  less  amplitude,  are 
of  tho  same  duration;  so  that,  by  counting  tho  number  of  vibra- 
tions occurring  in  a  definite  time.  an<I  <lividiiig  tbe  number  of 
seconds  by  the  number  uf  vibrationH,  an  extremely  accurate 
value  for  the  time  of  vibration  mnv  be  obtained. 


The  lunuula  :«ibf)wi>.  ftirther,  that,  (I)  the  time  of  vibration  i« 
dir«etly  prcporlional  to  tJte  eguam  root  of  ih«  length  of  th«  pen- 
ttulum,  aiiiJ  (2)  the  time  of  vihration  is  inverseiy  proportional  to 
thtf  $quare  root  oftltn  acM^atien  of  gravity.  The  first  u(  these 
wa»  digcoverei]  by  Galileo  Ly  oljaerviiig  the  ribmtioDs  of  siiujile 
pendnlunu  of  unequal  leu^'tbs.  Tlie  latter  may  be  verified  by 
lui^Eis  of  a  ]>endiihuu  of  the  fuUuwiug  furn.i.  Two  rods  aie 
rigidly  fise'l  perpyndii-'iilarly  to  each  other,  one  of  them  resting 
at  it^  lower  «iid,  ou  a  [tiaiio  im-Iiiied  at  an  uufrle  with  a  vertinal 
plane  aurl  kept  per|>eudi<_'iilar  tu  this  plane,  and  the  other  rigidly 
rtieal  to  the  former,  the  uombitiatioD  of  the  two  being  free  t*i 
oscillate  about  the  ic^\»  of  the  ffimier.  This  mechanism  was 
introduced  by  31a<h.  The  ntratioiis  lake  place  more  elowly 
than  %vhon  the  piano  of  vibration  \b  vertical,  because  instead 
of  the  aoeel^ration.  g,  only  the  L-oniponent  g  cos  a  is  operative, 
aud  the  tiuiu  i<i  found  to  be  increttsi'd  in  the  ratio  of  I :  -v/cusa. 

By  the  number  of  vibrations  (n)  of  a  pendulum  is  meant 
the  number  of  vibrations  occiirrin-;  in  a  second.    It  h  given  by 

n  =  -,  or  »  =  ^"J-    If  8  pendulum  be  allowed  to  vibrate  under 

the  action  of  tno  dilTerent  ucceleratious,  g  and  ^,  the  number 
of  vibrations,  n  and  n',  will  be  to  eat;!)  other  a-s  the  square  roots 
of  the  afCceierations,  or  M«  aecehratioiu  are  aa  the  squares  of 
the  tmtnher  of  vibration*,  or. 


9-9- 


=  n- 


41.  Secondi-Peadulnm.  BeternunatioiL  of  g. — A  pendulum, 
nhiMu  time  uf  vibratiou  ts  one  second,  is  luillud  a  i^cunds- 
peu'lulum.  If  the  leuKlh  of  the  mathematioal  socoada-iKjudidum 
I«  designated  /„  from  Ihu  lormula  given  above,  there  results. 
sinoe  /  =  I, — 


1  ;= 


.r^^.orl 


whence,  g  =  irl,. 

We  may,  therefore,  find  the  at^^eleration  of  gravity  by 
multiplying  the  length  of  the  seconds-pendulum  by  the  »({uare 
i>f  ».  Since  the  length  of  the  secouds-peudulum  may  be  very 
accurately  meaafured,  this  is  the  most  precise  known  methtNl 
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of  dctcrmiDiog  g.  Boixla  Ibund  for  the  length  of  tho  seoonds- 
pendnlnm  at  I'liris  !'il-.'^92  em.,  vbenire  the  sccoloratioii  of  free 
fall,  g  =  08Q-9:>  cm.-ser. 

>\T»en,  in  1672,  the  Frentrli  astnmomer  Rich'Or,  of  Csyeunc 
(lat.  o'  X.),  mude  and  dinnuRscd  n  series  of  ob4ion-iitt(in.s.  lie 
reuazked  that  the  pendulum  cluck  hu  ha<I  lT<)iiglit  with  bitu 
from  Peris  lost  2J  minates  daU^r-  To  make  bis  clook  nin 
oorrai^tly,  he  was  ci)in]>elled  to  ghnrten  the  seconds-pendnliim 
hf  R  few  millimeters.  Ketiiming  to  Paris,  he  found  that  ht» 
clock  gained  2^  minut«3  daily.  If.  howerer,  the  same  i)eiiiliilnra 
vil^ratea  more  sluwly  iu  Cayeuue  than  in  Paris,  it  can  only 
bo  duo  to  the  fact  that  tho  force  of  gravity  is  weukcr  there 
than  in  Paris,  and,  oonsequcntly,  a  freoly  falling  IxKly  would 
expcricnre  n  sniHlIer  ni-t^elenitinn  thoro  than  in  Parie. 

lly  determining'  this  length  of  the  seooiid»-peudutum  at 
dift'erent  points  i»f  the  eartli's  siir&f-e.  it  has  been  fonnd  that 
the  length  incTCttnes  iVum  the  cqnator  toward  the  poles.  At 
tho  tsquator  its  length  i^  OD*0&:i  cm. ;  in  latitnde  45"  it  is 
9D'355  cm. ;  at  Berlin,  l>!)-424,  and  these  values  indicate  that 
at  tho  pole  its  leiigtti  would  be  Ii9»ji:t  cm.  From  this,  it 
is  evident,  that  the  iLcceleratinn  tif  gravity  will  inrreaKr>  cor- 
respondingly from  the  wjufttor  toward  the  poles.  From  the 
equation,  g  =  n-V,  wo  find  for  the  Hc-releration  of  graritv  at 
the  eqiiaU.!  97800 ;  iu  lat.  45\  S8(>-r.O ;  at  Paris,  98<t-fi5 ;  at 
Berlin,  i)SV2S ;  and  at  the  poles,  983-1  cm.-aec. 

43.  Foiioaalfi  Pendnlum.— By  virtue  of  its  inertia,  h 
jieudnltim  strive*  to  remain  in  iU  plane  of  vibration  prwngclv 
a.1  the  gyroscope  jiersists  in  it8  plane  of  rotation,  tf  a 
pendulum  bo  suspended  within  a  framo  attached  to  the 
centrifugal  mut:huie,  and  set  ribrnting,  the  plane  of  vibration 
will  be  found  to  preserve  its  direction  in  space,  when  the  fmmc 
is  turned  slowly  about  its  axis.  Similarly,  as  was  remarked 
by  FoHcaalt  in  IS.'il,  a  pendnlum  »ill  maintain  its  plane  ol 
vibration  despite  tho  rutatiou  of  the  earth. 

Imagine  a  |ieudidimi  to  be  suspended  directly  above  tbr* 
north  polo  of  tho  earth.  Its  plane  of  vibration  will  keep  its 
dtxection  in  space,  while  the  earth  and  all  objects  upon  it  below 
the  pole,  turn  under  the  pendulum  from  we»t  to  east.     The 


MOTIOK, 


TO 


olKierver,  who  thinks  bia  position  lixed,  g««?  the  direction  of 
Tibration  tnrn  slowly  with  respect  to  the  earlb'g  surface,  from 
the  east,  thmugh  the  soiitb,  townnl  the  nest — that  is.  toward 
the  riglil,  rompteting  a  whole  revolution  in  2(  hounc  At 
all  otfaor  points,  the  motion  of  the  earth's  (surface  may  be 
coDsidAnxl  an  comptmmlod  of  h  tilon  mtatiori  about  a  ^'crtical 
axis,  and  of  a  motion  of  translation  from  west  to  cost.  Only  the 
former  can  booome  apparent,  manifesting  itself  in  the  nortbem 
hemiKphere  as  rotation  of  the  ilireotion  nf  I'ibration  toward  the 
right,  or  dexirorsum,  and  in  the  i^onthem,  totriud  the  left,  or 
aintstroTtum.  Tliis  mtation  bei^)ni(»i  Klower  as  the  place  of 
ohaenatinn  approaches  the  equator,  and  jiiat  nt  the  et^UHtor  it 
will  be  /.ero. 


X 


Let  t)i«  drclo.  NQS  (Fig.  40),  repreacnt  ttiu  meridko  throtigli  tbc  pbw,  M, 

whose   gtogruphifal   latiHitk,    MOy  =  f .     Tlie 

volocit)-  of  roiaiioTi  of  the  eartJi  (15°  per  hour) 

about  tbe  axia,  NS.  may  l>«  reprnented  bj*  the 

iliitancu,  OA,  l&ul  off  from  O  upon  the  axis. 

Thia  niay  bv  reeolved  by  {'Hi)  into  &  rotation. 

OB,  about  ttie  vertical.  OMZ.  of  the  plaoe  of 

obMmlion  and  a  roCatiun,  OC,  about  tlie  horizon, 

Mn,  puallul  to  UC.    The  funuor,  whit'h  k  tibn? 

eSeotiTV,  eqnals  OB  riii  f ,  or  15  sin  f,  i.f.  tho 

velocity  of^  apparent  rotation  of  tlio  piano  of 

vibratioii  U  proportiDn&]   to   tlia   aaim  of   Uu* 

geographical  Lticude.    The  duration  of  a  com- 

piMa  vibration  is  invunoly  pranortlona]  to  thb 

24 
■iae,  and  cqnnU  -. —   hour*.      In  Mu&ich,  for 
tint  ^ 

exaaipk,  the  plnno  of  vibraticiii  nutkus  a  complcto  rcrolntioD  ta  32  Ikouis. 

13  uiiaidea;  at  Beriiu,  iii  90  houn,  15  inimitcs. 


Vto.  t*.— Fiii»c(|Je  of  Ftm- 
oavU'a  PeadoluiB. 


For  tho  celebratod  experiment  of  Foucanlt.  which  make!) 
the  rotation  of  the  earth  apparent,  a  pendulum  with  great 
inertia  mnst  he  used,  so  that,  when  once  net  in  motion,  it  will 
vibrate  for  a  consideta.ble  time.  Foucault  accordingly  used  a 
heavy  masd  of  lead  suspended  by  a  long  fibre  from  tho  dome 
of  the  t'snthoon  in  Paris. 

43.  Tbe  Phyiical  Pendolnm.— Tho  simple,  or  matheinaticftl 
pendulum  hitberln  considereil,  consisting  of  a  single  material 
|K>int  AHApended  to  a  ooid  without  weight,  is  in  reality  a 
physical  tmpOEsibility.    All  pendulums  capable  of  conelructiou 
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Bre  wMwIlad  physieaJ,QT  impound  penthilnnis,  and  they  Koiwist 
III' an  iiidelinitely  gi'eat  number  iif  material  |)ar1k'les,  situated 
at  different  tlLttatireK  from  tli^e  rentre  of  Hus[>en!<iou.  They 
nuiv  Ite  rujj:rtrduil.  tlicrelbn-,  bm  ntmipiiiindisd  of  an  inliuitely 
f^rcat  number  uf  xiiuplo  ]>ou<Lulums.  Kiuue  each  mateiiaJ 
particle  of  the  iwjiulniiini  strivea  to  oscilUte  more  rapidly, 
the  nearer  it  hes  to  the  point  of  sntipi^iisiim,  and  Kiuce,  hy 
reason  of  tlieir  rifrld  i-onnection,  all  particles  must  oscillate 
atmnltauooitxly,  those  jiurtii'les  lying  near  the  point  of 
Buapeusiou  ore  retarded  by  thotto  more  remute  from  it,  and  the 
remote  particles  are  iii  turn,  accelerated  by  Ihoae  lying  nearer 
the  point  of  sit»|>eiision.  There  i^  8r)mewbei'e  an  intermediate 
jMjiut,  which  is  imiiher  w^i-elorateil  nor  retanlad,  but  which 
vibrateH  precisely  ms  itM  dbitaiire  fnim  the  point  of  Hnspension 
requires.  This  point  is  designated  the  centre  of  mnttatxon,  and 
its  distance  from  the  puiiit  uf  .■'iispeuaion.  i-nllud  Mi.-  reduced 
length  of  the  pendulum,  h  tiie  ien^th  of  the  matbeumtifal 
pODduhuii,  whose  time  of  vibration  iii  tEie  same  as  that  of  the 
given  physical  peuduluni.  If,  by  the  leujjth  of  the  pendulum, 
this  reduL-ed  length  is  understood,  the  same  laws  of  vibration 
hold  for  the  physical  as  for  the  mathematical  |>ondii[nm. 

If  tlte  centres  of  oscillatiou  antl  of  s)is[<enston  of  it  physical 
[wndtilum  be  int©r(.*hai]j?ed,  it  will  be  found  that  the  time  of 
vibration  in  huth  positiuUH  is  the  same,  lly  means  of  this  iaci 
the  retjiiired  length  is  easily  found.  The  form  devised  by 
Huygheus  tu  1073,  and  known  as  the  ret'ersion  2>fitdulum,  vau 
bo  best  u»ed  for  tbia  purpose.  It  consists  of  a  Imr,  or  rod. 
pnivided  with  not  only  the  customary  uteel  knife^ges  for 
susjiension,  but  also  with  a  se<Mnd  wljustable  knife-edge,  fac-cl 
opposite  to  that  for  gnsjjeiLsion.  'Ilie  adjiistablo  knife-edge  is 
set  exjwrimeutally  in  am:h  position  that  the  pendulum,  when 
sus|»en«led  by  it,  vibrates  in  jirecisely  tbt;  sami-  time  as  when 
siut|iBnded  in  the  usual  way.  The  redut-ed  longth  is  then  the 
iliatance  between  the  two  kiufe-odgea.  By  this  process,  the 
very  accviratc  values  of  the  aet^onds-jtenitiilnm.  montioned  above, 
were  obtained  by  Kater  iu  I8IS,  ami  hy  Itessel  in  1828. 

A  pkycicil  pendulnm  (rf*.  iiiy  heavy  body  of  (irbiuarr  fonn.  vid  fiw  to 
vscUlftte  akoul  b  homgnlal  uiit)  wllck  n-*chu  iu  iwtiitiou  of  e^nilibfiuiii 


Morios. 
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witli  onpilu-  velooitjr,  m,  has  in  that  ptwiiaoii,  the  energy  ^Imr',  where  3inr* 
rimotcxtho  moment  o/  inertia  of  tbe  penijulum  with  rMiiwt  !■>  t1)«  axis  of 
roUtion.  Doiioting  by  h,  tho  veKical  En>II  o(  a  materia)  [ititut  at  iliMaiioo  aultjr 
rrom  tlio  axis ;  by  t.  tht  difiUoco  of  tlio  centre  of  gravity  tram  tlie  axis;  lu  is 
Uien  tha  dhtftiioo  bll«u  vorCti»lly  l>y  thu  cuntre  of  gmvfty,  and  JLnjIm  b  th« 
work,  of  free  fall,  which  the  UA&l  wt'iglit,  ffXm,  of  tli«  pcnaiilum,  applied  at  thi 
eentra  of  gravity,  iQu«t  perform  to  produce  lh»  mwrgy.    We  luve,  thcrrerof* — 

For  m  simple  iiemlulmn  Iiaviiii;  the  saruu  liiuo  of  vibration  and  •mpHhida, 
of  tcDgtb  I  ana  matM  ^,  whicli,  ikl^cr  itn  niiL-i» -|)uitit  •>  Iiu  xioiL  by  V,  r«avbea 
ild  potdtioo  of  cqullibriuui  with  valo'citr  fw,  tliw  aarao  relalJon  (wotic  of  fr«e 
fftll  equals  «n«igy)  liolds, 

rjffn.  =  ii^tiP,  Of  Aj  =  i«»/. 

tf  tilts  vnlae  of  hg  he  auljsUtateil  in  the  rorcuoin); 
eqnatUMi,  tliero  mil  keuU   for  tlm  reilaced  lon^lh  oF  liiu 

•3m 

or,  Binc«  for  a  stnigLt  bar,  tZn  =  Smr,  by  (38>— 

Imr' 

If  DOW  tlio  pandiiliim  l)0  reroned,  m  that  cenlr«  of  okII- 
lalion  B  (Fi^.  47)  locomos  o«ntr«  of  suspension,  tlio  imw 
Itngth  r  ia  giTon  by— 

J.  _  aHi(t  -  ry  _  Plrn^-  2tt/iir +^»»r» 
!»»(/  —  "■)  ~  ''•"  ~  *""■         ^ 

■iitec  here  r'  =  f  -  r,  is  to  ho  lucd  instead  of  r  above.     |t»i 
3mr*  =  tSmr,  and  wo  liav« — 

P3m  -  tjmr 
l2n  -  Swr 


a 


i  = 


4 


r 


Fro.  47.— Bofer- 
dnn  Pendalniu, 


■»»,  oofiMfpieiitly,  tlie  reduoeil  lengtli.  and  hence  alao  tht  limo  of  Tibraiioii, 
Is  titd  mata  with  Um  ti«v  stHtpcnsioi)  as  with  the  oM. 

44.  Kepler's  Lavs  of  Planetary  Motion. — Tiie  planets  unec 
examples  of  coiitnl  motion  ou  a  gigantic  scale.  The  sci-callcd 
inajtir  ploiiets,  in  onler  of  their  ditstance  frotu  the  sun,  an : 
Mercury,  Venus,  Karlb,  ^I»rH.  .lupiter,  .SBtiirn.  I'mniis,  and 
Ncptun*.  Fr»in  the  «b8er>-atioiiK  of  Tyohu  Bralie  on  the  planet 
Mars,  Keplor,  between  1609  and  1618,  discover&d  the  followiog 
Utd  for  the  motion  of  the  planot8  alxiiit  tiio  sun: — 

1.  The  orbits  of  the  plnnels  iire  (>llipge3  with  the  sun  at  one 
of  the  focii. 

2.  Tliv  radii  rectoces  of  the  planets  sweep  out  equal  areas  in 
e<iiml  timee. 
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3.  The  sqoBm  of  tlie  periodic  of  any  two  planets  are  to  each 
otber  as  the  cubes  of  their  mean  distances  from  the  son. 

The  (leTiations  of  the  cUijitioU  paths  from  circles  are  go 
slight,  however,  that  they  may  Iw  neglected  and  the  pfttha 
may,  therefore,  be  regarded  as  approximately  equal  to  circles 
with  the  suu  at  the  centre. 

4ji.  Universal  Gravitation. — From  the  second  of  Kepler's 
laws,  together  with  the  law  of  areas,  or  of  are<d  velocity  (34),  it 
follows  that  the  planetary  motiona  are  duo  to  a  centripetaJ  force 
always  directed  toward  tbo  sun. 

Since  the  orbits  may  bo  regarded  09  Tery  closely  approxima- 
ting circles,  the  centripetal  forces!  (C  and  C)  of  two  planet«, 
from  the  laws  of  cetitrul  motion  (3o),  aru  an  tUeir  utuises  m  and 
m',  and  as  the  radii  r  and  r*  of  their  orbits  (i'.e.  as  their  distane-es 
from  the  sim),  and  inversely  hh  the  squares  of  their  periodic  T 
and  T'.     We  have,  then, 

r- .  f*  -  '"*■  -  "''''^ 

Since,  by  Koplct's  third  law,  the  squares  of  the  periods  are 
is  the  cubes  of  the  distances,  or  since  T*  :  T*  =  »^  :  j^,  there 
results, 

that  is  to  say,  the  centripetal  forces  arc  directly  as  the  masses? 
aud  inversely  ait  the  aqiiorcH  of  the  distances  fn^m  the  sun.     Or, 
differently  stated,  every  planet  is  attracted  by  the  Hun  with  a 
force  \-aryiQg  directly  as  the  mass  and  inversely  us  the  square 
of  its  distance.    This  was  discovered  by  Newton  in  lft86. 

Not  only  is  the  planet  nf  muss  m,  drawn  toward  the  sun,  but 
inasmuch  as  there  can  be  u(»  action  without  an  equal  and  contrary 
ruiictiim,  the  sun,  of  mass  M,  is  also  drawn  with  an  equal  force 
toward  the  planet.  The  force  exerted  by  the  two  bodies  iu  tlie 
direetioQ  of  their  line  of  centres  must  therefore  be  proportional 
also  to  the  m&&s  M.  After  Neui.on  had  rceogTiized  this  law  for 
the  bcKlios  of  the  planetary  system,  the  suspicion  arose  in  his 
mind  that  this  mutual  action  is  but  a  partieidar  expraision  for 
auoivertial  prctperty  of  matter,  which  may  be  called  gravitation, 
or  gmeral  Tnaea^iraction,  and  which  reveals  itself  by  making 
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two  maasM,  m  and  M,  at  a  dlstauce,  r,  between  centres  to  attract 

-each  other  inth  a  fence,  /•   -^ »  •'■«•  with  a  furcc,  directly  as  the 

[)roduct  of  their  masses,  and  inversely  as  the  aqnaxe  of  their 
distances.  The  factor. ,/',  which  is  constant  for  all  massoM,  and 
which  muat  be  derived  from  oheervation,  is  called  the  comtani 
of  gravitaton,  at  the  Newtonian  constant. 

Tradition  tells  us  that  a  falling  apple  suggested  to  Newton 
the  idea  that  )^v-ity,  or  heaviuesH,  is  only  the  attraction  of  the 
earth's  mosii  for  hodies  on  it:*  surfat^!,  and  that  it  must  manifest 
itself  by  tho  fall  of  bodies,  not  almio  at  the  earth's  surface,  bnt 
with  docrcasiug  intensity  for  all  points  of  s[)ace  to  the  distance 
of  the  moon,  and  even  heyond.  It  occurred  to  him  in  Ihia 
connection  that  this  fnroe  may  lie  what  holds  the  muuu  in  its 
orhit,  and  compels  it  to  circle  alxiiit  the  oartli  as  the  planets  are 
held  in  tliuir  urbitji  about  tho  auu  by  the  attractive  fta^e  of 
the  latter.  From  aatrouomicul  observation,  it  is  known  that 
tho  mouu,  whose  inertia  continually  atrivea  to  carry  it  in  the 
direction  of  a  tangent  to  its  path,  rocoirea  dunng  every  second, 
from  the  earth's  attrat^lion,  an  acecleration  of  M'271  cm.  in  the 
iliroction  of  the  earth's  centre.  If,  now,  thia  acceleration  is  a 
result  of  the  force  of  gravitation,  which  imparts  to  a  body  fall- 
ing freely  at  the  equator  of  tho  earth,  an  acceleration  of  978 
cm.,  it  must  bo  poatiiblo  to  coua  piite  tlie  a<^-celerati<m  of  the  moon 
from  the  latter  acceleration  according  to  the  law  derived  above, 
Since  the  distance  to  the  moon  is  60  times  the  earth's  radios, 
the  moon  is  tiO  times  as  far  from  tho  earth's  oontre  of  gravity  a^ 
is  a  point  on  the  terrestrial  equator,  and,  conse<j^uwtly,  the  lunar 

•ceeleration  can  be  but  ^ — ^  w  ^^^jf  part  of  tliat  of  a  body 

felling  fteely  at  the  earth's  surface :  978  -i-  361)0  =  0-271  cm. 
From  the  complete  accordance  of  this  result  with  that  derived 
flKun  astronomical  observations,  tho  proof  that  gravity  and 
geneia]  mass-attraction  are  identical  may  be  regaided  as 
eetabliabed. 

The  attraction  of  a  body  on  a  mateml  |mint  arises  from 
the  c-ombined  action  of  all  tho  separate  forces  proceeding  irom 
the  individual  particles  of  the  body.  If  the  body  is  ahomogextooua 


84 


EXPEBSMfNTAL  PnrSICS. 


sphc-re,  ut  a  Hjihere  coniiKised  of  concentiii-  spliericAl  ehelU,  its 
total  attriwrtioii  iijioii  »  partk-le  sitimt«d  outside  of  it,  is  obriously 
directed  toward  tLe  roiitre  of  the  sphore,  imd  \s  exactly  the  same 
Bs  if  tlie  entire  miiss  of  the  sphere  wert  coiie*atrfttcd  at  its  centre 
af  gTBvity,  as  will  1»  proved  later.  Coiise(|uently  tbe  centre  of 
gmvity  of  til o  earth  may  Ik:  regarded  ns  the  seat  of  au  altraotive 
furce,  whence  all  distanrcs  are  to  l<e  estimated,  a^  was  done 
ttUive  in  considering  the  earth's  tttiraction  on  the  inuou.  A 
lioUow  Hphcrif-ttl  Hbell  eservi^»  nti  at^tiuii  whatever  on  a  jxihit 
sttaatcd  either  on  it^  inner  stuface,  or  \ritbin  its  carity,  since 
the  forces  exerted  upon  it  liy  ^loints  of  the  ^hell  on  one  side  of 
the  centre,  are  exactly  Imlariced  hy  (><]iiiil  and  op]K>site  forces 
due  to  the  symmetrical ly  situated  points  ou  the  opposite  side. 
A  point  un  tho  interior  of  the  earth.  e.g.  at  the  bottom  of  a 
miuc,  will  iheu  in  no  way  be  aflected  by  thoMO  [mrl.s  ihf  the 
earth's  mass  that  lie  farther  from  tlie  trentre  nf  the  earth  than 
does  the  point  in  (jiieKtiou,  and  will  therefore  be  drawn  tovMinl 
the  centre  of  pravily  of  the  eaith  ivii  h  a  iumc  due  nolely  to  the 
attraction  of  the  nucleus  of  the  L-artit  lying  below  it. 

If,  then,  the  earth  were  ooinpoHed  of  bumogeueouK  matter 
thron<:;lioi)t,  at  the  l>uttom  of  a  doej>  shaft  the  acucloration  of 
free  fall  vould  be  less,  and  tbe  time  of  vibration  of  a  ])eDdaluiii 
would  be  grcoter,  than  at  the  eartii's  Kiirfac-e.  Airy  found,  on 
the  i-ontrary,  in  185(3.  from  pendulum  oliservations  made  at  the 
surface  of  tbe  earth,  and  at  the  IkiIIoiu  of  the  liiu-tnii  coal  mine, 
383  m.  in  depth,  that  the  acceleration  wa^  ffreater  at  the  bottom 
of  the  mine  than  at  the  surface  of  the  earth.  Frou  this  it  must 
be  inferred  that  the  interior  of  the  earth  is  composed  of  matter 
of  greater  specific  gravity  than  that  of  it.s  erust.  From  his 
exporiiuentij  it  was  found  also  that  the  eartli  [9  about  6*5  timeM 
as  heavy  as  un  equal  robmie  of  natt-r. 

It  bait  aUo  been  found,  from  pendulum  uUiervations,  that 
the  force  of  gravity  on  the  surface  of  the  earth  diminishes  from 
the  poleti  toward  the  e*|uator.  The  cause  of  this  dimijintion  is 
to  be  sought,  first,  in  the  centrifugal  force  due  to  tbe  earth's 
rotation.  Since  the  angular  volocity  and  the  radius  of  tbe 
earth  are  kuonu,  the  magnitude  of  the  centrifugal  force  mkv 
be  easily  computed.    At  the  eijiiator.  where  it  acts  directlv 
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a^itiLst  gravily,  its  magiiitiiile  m  Iniind  to  be  ^  ji]]  of  tlte  furce  of 
jrrmvity,  wid,  coniKwjnently.  the  oci^lemtion  of  gravity  will  hei-i? 
\Hi'A\  tnm.  lea^tlittn  at  the  )H>]e.s.  Peminhim  olNtervalioim  show, 
h-iwerer,  that  the  Jec-reose  in  the  «ccolenitii)n  friim  the  ]K)le8  to 
iIk*  e<|iiat«tr  is  renlly  greftter  thtvu  this,  ami  amounts  to  more  than 
Tt\  mm.  Fi»r  this  ilecrease  there  must,  tlierefore,  he  a  different 
cause.  It  has  its  ex|ilanat)oii  iti  the  fart  that  the  polo  in  nearer 
\*\  the  centre  of  the  earth  than  are  [joints  on  the  equator,  <jr 
that  tho  earth,  instead  of  \mvi^  an  cxao't  »phere,  it:  flattened 
like  an  ornu^o  nt  tho  {totos.  From  tho  T&lued  of  the  accelera- 
tion resulting  from  iiomlnliuu  expcrimonts  and  the  magnitude 
uf  the  centrifugal  fon-e.  the  \to\a,T  JitiUt&iiiu}  may  be  eompnted. 
It  is  fonnd  to  be  equal  to  .J.}^^^.  This  value,  which  expresses 
the  fact  that  tlie  diameter  of  the  earth  from  pole  to  pole 
U  ,_,^;,  shorter  than  the  oqutttorial  diameter,  a^^rees  quite  closely 
with  the  value,  .,Je.  found  from  geodetic  stnrveya 

As  meiitioiiei]  aK)ve,  the  altraetiou  between  two  masses  is 
mutual.  A  stone  dmnni  toward  the  earth  with  s  certain  force 
attntcta  the  earth  tuwanl  itself  with  iireci--ialy  the  same  force. 
With  equal  forces,  however,  the  acoelemtious  arc  inversely  as 
the  musses  moved.  Conse^juently.  the  acceleration  of  the 
eArth's  mass,  which  is  enormous  in  cimiparison  with  that  of 
the  stone,  may  b«'  ennsiilerod  evanescent. 

If  now  every  bixly  altractii  ever)-  other,  when  passing  u 
large  building,  why  are  we  not  drawn  toward  it?  The  answer 
i*:  Wo  arc,  in  point  of  fact,  drawn  tuward  it,  but  the  effect  is 
ao  smftU  in  comparison  with  the  attiactioa  of  the  enormoua 
auu8  of  the  earth,  as  to  bo  wholly  imperceptible.  Koverthe- 
less,  with  siifliciently  sennitive  apparatus,  the  attnwtion  of  a 
large  ball  of  lend  upon  a  smaller  nuf  t-sii  Iw,  not  only  prdvefl. 
bat  even  measured,  as  Cavendish  In  17!)8,  Keich  in  IK.'i'i,  Rally 
in  1&42.  ranni  nnd  ilaillu  Ciom  1H7(I  to  1«78.  have  done  by 
means  of  tho  torsion  bahuu-o.  If  vu  know  the  force  of  attrw- 
tiou  exerted  by  a  kuou-n  moss  of  load  upon  ft  metallic  sphere 
at  a  knowii  diataneo,  from  a  o(«ii]»«,rison  of  this  with  tho  force  of 
attraction  exerted  by  the  earth  u|)on  the  same  sphere,  t.«.  witli 
its  weight,  we  may  readily  determine  the  mass  of  the  euth. 
From  the  measurements  of  the  above-mentioned  phyncists. 
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tho  mnes  of  tho  earth  is  found  tu  be  5*5  times  as  great  as  that 
of  an  oqiinl  volume  of  water.  Maskelj-ne,  in  1775,  showed  tbal 
a  plumU-line  auspeiideii  by  the  aide  of  a  eoniewhat  regular 
chain  of  mountains  is  detlected  from  the  vertical  toward  ths 
mountain.  From  the  mu^'nitude  of  this  doviation  and  the 
estinmtod  wei^^bt  uf  the  niuttntatn,  he  was  also  able  tn  deter- 
mine the  mass  of  the  earth.  His  determination  aErees  quite 
satis&otorily  with  the  above  value.  Jolly  has,  as  recently  a.^ 
1880*  measured  by  a  Itnlance  tiie  attraction  of  a  ball  of  load 
IzD.  in  diameter  upon  a  known  m&ss  of  morfury.  and  found  the 
weight  of  the  earth  in  conipitrison  with  water  to  lie  5*692- 
Tlie  diminution  of  gravity,  aeeordiag  to  the  inverse  squafe  of 
the  distance  from  the  earth's  centM,  aa  required  by  the  law 
of  gravitalion,  was  here  to  be  ascertained  by  means  of  the 
balance.  If  two  masses,  weighing  one  kilogram  each,  be  eus- 
pended  at  different  altitudes  on  the  anna  of  a  balance,  the 
lower  mass,  being  nearer  the  certh'e  centre  of  graTity,  will 
uppenr  the  lieavier.  It  was  loiiud  that  whon  the  difierenoe  in 
the  height*  of  the  two  maaaes  was  .T"2m.,  the  lower  uiaas  was 
l-iimg.  heavier.  This  value  is  smaller  by  0-152  mg.  than  that 
computed  from  the  law  of  gravitation.  Tho  discrepancy  is. 
however,  sufficiently  well  explained  by  the  disturbing  attrac- 
tion of  neighbouring  buildings. 

48.  The  Tidei,— That  the  porifMlic  ei>l>  and  flow  of  the 
watei^  of  the  sea  are  conneeted  with  the  moon's  motion  was 
early  recognized.  Newton  was  the  lirst  t«  explain  the  pheno- 
menon on  the  law  of  graTitation,  Tho  moon,  M  (Fig.  48). 
P  HttnW-'ts    thiMto     portions    of    the 

water,  A,  of  the  ocean  on  the  side 

Jf     t-    \'\a    of  the   earth    tiiniod    toward   the 

\  V  /  /       moon,  more  strongly  than  the  more 

Tfimote  centre,  C,  of  the  earth, 
and  (bis,  in  turn,  more  strongly 
than  those  portions  of  water  at  U  on  the  opposite  side.  Since 
the  earth  and  moon  move  relatively  to  each  other  by  reason  of 
their  orbital  motions,  those  portions  of  the  water  near  A  must 
move  toward  the  moon  more  rapidly  than  the  main  body  of 


the  earthj  and  ihotie  near  B  le(«  rapidly.    Consequently,  the 


Fib.  49.— Tho  Tidei. 
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pressure  of  the  water  against  the  earth  is  diminished  both  at 
A  and  B,  and  the  water  rises  on  the  side  opposite  the  moon 
as  well  as  on  the  same  side,  while  at  points  90°  from  A  and 
B  the  water  falls.  When  the  water  is  rising  it  is  flood  tide; 
when  falling,  it  is  eM.  During  the  dium^  rotation  of  the 
earth  on  its  axis,  the  rise  and  fall  of  the  water  circles  about 
the  entire  earth  and  causes  an  eleTation  and  depression  of 
the  surface  of  the  water  at  every  point  on  the  sea  twice  daily. 
The  sun  also  produces  a  tidal  wave,  which,  notwithstanding 
the  sun's  enormous  mass,  is  much  smaller  than  that  of  the 
moon  by  reason  of  its  immensely  greater  distance,  kifull  and 
new  moon,  when  both  earth  and  sun  are  in  the  line  MC,  their 
effects  are  additive,  and  the  highest  tides,  called  spring  tides, 
are  then  produced.  At  the  time  of  the  first  and  third  quarters, 
when  the  sun  and  moon  are  90°  apart,  the  crest  of  the  lunar 
and  the  hollow  of  the  solar  tides  coincide,  giving  rise  to  the 
so-called  neap  tides.  These  periodic  fiactuations  of  the  tides 
occur  twice  a  month.  The  regular  course  of  the  phenomena, 
as  they  would  occur  if  the  entire  surfiace  of  the  earth  were 
coTOTed  by  the  ocean,  is,  moreover,  very  greatly  complicated 
by  the  configaration  of  the  shore  lines  of  the  continents. 
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11.   .SOLIDS. 


47.  General  PropertieB  of  Bodies.  —  Id-  the  furogoiug  oou- 
sitleratious  ou  motion  anil  erinilibniim,  it  was  assumed  that 
solids  are  perfectly  ri^id,  i.c,  that  all  points  of  a  body  are 
invariably  L-omieetcd  with  each  other,  so  that  opposite  equal 
forces,  tending  U)  ilraw  two  points  of  a  bcwly  toward,  or  from, 
each  other,  iieith<;r  letigttien  ikt  ithorteu  the  line  coaoecting 
theno.  It  was  HSsiimed  that,  no  matter  how  great  the  forces, 
IheyoouM  only  prodii<»  reactions  i^qual  in  intensity  to  theii- 
own.  This,  however,  does  not  correspond  to  faeta.  It'  any  two 
points  of  a  aotid  are  acted  u[X)n  liy  forces,  a  change  in  their 
diKtaiiue  uc!timlly  Ofc^urs.  The  volume  of  any  body  is  in^'.reased 
liy  a  pull  and  dimiuinhed  by  a  pressure,  aud  the  change  of 
volume  is  proportional  to  the  iutensity  of  the  fon-c  applied. 
The  body,  liowever,  opposes  Ui  lliin  tlffomiation,  u  fon^c  which 
holds  the  upp)i<.*d  force  in  cquiliLrinm,  and  il'  the  force  does 
not  exceed  a  certain  limit,  it  will  return  to  its  orig;lQaI  state 
»s  (ioon  Hs  the  force  xa  removerl.  If  the  forno  exceed  this 
limit,  hoMever,  it  will  separate  the  jrttrticlesof  the  l*ody,  pro- 
ducing a  rent,  or  tear.  8ince  all  bo<lieB  when  subject  to  a  pull, 
or  presaote,  or  to  change  of  tcni{)erature,  undergo  'a  change 
of  volume,  thia  variahUUy  of  volume  \s  tenned  a  general 
properttf  of  bodies. 

ImpenetraMity  is  also  regarded  as  a  jrencral  ijrojwrty  of 
bodies.  ISy  this  we  mean  merely  that  a  bwly  ojujoses  to  u 
pressure  exerted  u[>ou  it  by  another  body,  a  resistance  which 
increases  with  the  dbninntion  of  it:<  yolume  until  a  point  is 
reached  at  which,  if  the  pressure  Iw  increased,  the  bwly  will  be 
crushed,  or  torn.  A  sun  cuts  a  block  of  wixkI,  into  vrhich  it 
appears  to  penetrate   by  reiuovinfi  from   its  |)ath  a  portion 


SOUDB. 


ol'  tbe  mass  m  tlie  form  of  sawtlmt.  Water  and  air  may  be 
|jU!tlie(l  aside,  but  not  penetrated  by  the  baud. 

PortMM  bodic*  aro  only  apiinrcntly  ]r«iictnitcd  by  liquids  and 
goMS,  fur  siu-h  bodies  merely  absorb  those  fluids  into  their  pwet. 
C{HuuderaI>l«  ijiiontities  of  gaaes  or  litjuids  may  often  be  taken 
up  by  |)unjUH  lMi(He.>i  nrithniit  apprecia1>le  change  of  volume. 
It  was  shown  by  tbe  l-'lorentitie  A<.wleniy,  in  IHtil,  that  even 
metuld  under  jirfs-siur:  are  pemeableto  wat<<r,  anil  (;oDse()Uently 
[Htroiu.  ULuiu,  un  the  other  hand,  In  ini[xim)cable  to  either 
(toids  or  gases,  and  vonscqueutly  is  not  [K)rou3,  as  was  sihown 
by  Quincke.  If  by  pt>ro3  we  mean  perceptible  intersticee, 
porotUif  is,  then,  mit  a  general  proj>eny  of  bwlies. 

DivinblUttj  is  tliat  projierty  by  virtue  of  which  a  body  is 
L-ajmble  uf  Hubdivision  tnti>  parts.  It  is  common  to  all  bodies. 
This  decuu)iHA<itiun  may  be  jieribrme*!  either  mechanically  by 
cutting,  crus<bing.  tearing,  etc.,  or  by  natural  agencies,  Biitth  as 
eva[Kimtion,  ili«8olution,  etc.  In  both  cases  experiem*  teaches 
that  there  Ik  no  limit  beyond  which  this  sulxliviKion  may  not 
be  carried.  Wullaaton  has  suc<'«eded  in  <lrawing  platinmu 
irires  0-0008  mm.,  or  0-8^  (»,  or  viicron  ~  iUMl  mm.)  in  tliick- 
jieas.  The  diameter  of  a  silkworm 't^  thread  is  liO  times  an 
ignU  as  thia.  (iold  may  be  hammered  into  sheets  01  micron 
tiick,  10,000  of  which  would  have  to  b«  laid  upon  each  other 
Ui  give  a  Kheet  I  mnt  thick.  The  gold  foil  used  to  overlay  the 
delicate  silver  thread'^  of  Lyonese  laoe  has  a  thickness  of  lesn 
Ibaa  0004  microu.  f)ne  lUO.OtK)th  of  a  cubic  centimeter  of 
Tizen  colours  iwrwptibly  a  litre  of  alcohol.  Kive  oentigrauut  of 
mmk  will  6U  a  mum  with  ita  odour  for  years,  notwithstanding 
frequent  veutilaliuu.  One  J,000,0O0th  [wrt  of  a  milligram  of 
sodium  coluurti  apjtreoijLbly  the  flame  of  a  Buuseo  burner;  and 
so  forth. 

48.  Atonu — ][oleculeft.^Kxperience  telLs  us  that  dtvUibility 
may  be  carried  to  ihv  limits  of  pcrceptiun,Bnd,mu(heuiatica]ly 
speaking,  it  may  evideutly  be  continued  indefinitely.  Never- 
theless, the  question  may  be  roiaed,  whether  matter  is  really 
infinitely  divisible,  or  whether  it  cuutiiiit)!  of  individual  [larticles 
incapable  uf  fiirther  sulHlivitiiou  in  a  physical  iwuse.  Or,  in 
other  words,  we  may  intjuire  whether  matter  may  be  conceived 
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of  as  scmetliiiig  which  fills  space  contimioiisly,  or  whether  it 
miiiit  In  thought  of  ta  an  aggregation,  ur  heap,  t>f  exreedlngly 
email  iadividual  ;>artiuli;s  separated  from  oiio  another  by 
intervening  spticcs. 

In  this  dLsuURsion  \v(><iha)l  Ix?  t-onipollod  to  rely  iipiiin  the 
factK    of    chemical    suleiuie.     The   well-known   red    onlouriug 
matter,  called  cLimab»r,  iii  a  (■lininical  compound  of  mercury 
ttud  sulphur,  whicb  miiy   bo  easily  resoKe^l   into  these  two 
heterugeneoua  conslituouts,  or  forined  again  from  them.     On 
the    contrary,    neither    sulphur  nor  mercury   is  capable    of 
roBolntion  into  hotCTogeneous  constitnents,  by  any  moans  at 
present  known  to  chemistry.   According  to  the  view  of  modem 
science  they  are,  therefore,  to  be  regarded  as  Kimple  sJihitanee$, 
or  demenis.     Cinnabar  always  contains  for  erery  100  parts  by 
weight  of  mercury,  16  parts  of  sulphur.    If  we  take,  for  example, 
exactly  lUO  parte  of  mercury  and.  14!  ytottB  of  sulphur,  we  shall 
obtain  Hf{  parts  by  weight  of  cinnabar,  without  any  of  die 
mercury  ur  the  sulphur  remaining  unused.     Had  we  token,  on 
the  other  baud,  100  parts  of  mercury  and  17  parts  of  solphur, 
or  IG  parts  of  sulphur  to  101  j)arts  of  uiercurj-,  we  ahould  have 
obtained  IIG  parts  by  weight  of  cinnabiir  as  before ;  but  in  the 
former  case,  1  part  of  sulphur,  and  in  the  latter,  1  part  of 
mercury,  would  have  remaiuod  unct-mbined.    It  could  likewise 
be  shown  experimentally  that  HH)  pwrts  by  weight  of  mereurj- 
combine  ohemically  with  exactly  H  \)arts  of  oxygen,  35  5  parts 
of  chlorine,  etc     The  elements  combine    with  one  amrther. 
therefore,  uc«»rding  to  determinate,  invariable  weight-relations. 
.Murcury  and  sulphur  form  another  compound  besides  cinualiar, 
the    black  mercury  sulphide,  wbic-h   cuutains  ti>  1E>  parts  by 
weight  of  sulphiv,  exactly  200  parts  of  mercurj'.    Similarly, 
35*5  parts  of  chlorine  can  combine  with  not  only  8,  but  also 
with  16,  or  24,  or  32  parts  of  oxygen.     It  appears  thus,  that 
when  one  element  can  wimbine  with  another  in  more  than  one 
relation,  the  combining  weight)>  are  all  simple  maltiples  of  tho 
least  weight  entering  into  combination.     Tbis  important  law, 
discovere-1  by  Dalton  in  1«03,  is  known  to  chomists  as  the  law 
of  multiple  eomhining  relations,  or  pro-portions.    From  these  facte 
it  ia  erident  that  16  parts  by  weight  of  sulphur  represent  an 
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imtirisible  whole  for  100  parts  of  mercnry,  and  rouversely,  that 
10(J  puts  of  mercury  is  a»  Inseparable  mOHS  for  Iti  parU  i>f 
sulphur,  which  may  be  multiplied  (e,f/.  doubled),  but  can  never 
be  dimiubhed.  This  behuvinur  is  most  eimply  explained  by 
the  assumption,  that  each  element  is  composed  of  invariable, 
indivisible  [lartii^Ies,  or  alrnns  (Greek,  oro^oc,  "  indivisible  ")- 
For  tbo  varioiiH  elements,  these  atoms  differ,  in  that  their 
masses  are  an  their  c^erredjKmding  combining  ireighta.  The 
nnmbers  100  for  morciiry  and  Ifi  for  sidphiir  mean.  then,  that 
an  atom  uf  Milphur  neighs  Hi  units,  if  the  weight  of  an  atom 
of  mercurj-  i»  100  units.  For  this  reason,  these  nambers  are 
called  atomic  wdghig.  Sinno  the  atom  is  not  perceptible  te  the 
senses,  its  real,  or  absolute,  neiglit  Li  of  eouree,  and  must  remain, 
unknown  to  us.  The  atomic  weights  express  only  weight- 
ratios,  and  might  therefore  be  replaced  by  other  numbers 
having  the  sojno  relations  to  one  another,  each  being  expressed 
in  terms  of  the  unit  selected  as  the  basis.  If,  as  is  custemary, 
the  weight  of  nn  atom  of  hydrogen  equaln  1,  the  atumic  weight 
uf  mereury  t'cpjals  200,  that  of  sulphur  32,  of  (ixygeu  16,  etc. 
When  we  gay  an  atom  is  ''indivisible,"  it  ix,  of  coiirxe,  net 
meant  in  a  mathematical  sense;  fur,  muthmuttUcally  sjioaking, 
any  definite  quantity  of  matter,  just  as  any  definite  number,  is 
•■apftble  of  indefinite  snbilivisiitu.  The  idea  of  "  indivisibility  " 
as  applied  to  the  atom  will  bo  mode  more  generally  intelligible 
by  calling  to  mind  the  word  "individual,"  which  has  the  same 
lingnintic  signifioance  as  the  wonl  "atom,"  both  meaning  an 
"  indivisible  something."  As  the  single  soidieni,  "  the  in- 
dividuals," are  the  ultimate  constituents  of  an  army,  so  are  the 
atoms  the  final  constituent  [>tirt.s  of  a  body.  In  this  physical 
sense,  the  division  of  the  atom  is  no  longer  possible.  The 
smallest  possible  division  of  cinnabar  would  a<K:ordingly  be 
formed,  if  a  single  atom  of  mercnry  were  combineil  with  a 
single  atom  of  sulphur,  and  the  smallest  possible  particle  of 
black  mercury  sulphide,  if  2  atoms  of  mercury  be  cembioed 
with  1  of  sulphur.  The  smallest  particlot;  of  comi>ound  l>odiea 
B»  then  groups  of  2,  or  more,  atoms,  called  mohcules.  Certain 
facts,  whose  discussion  would  lead  us  beyond  the  scope  of  this  , 
work,  imlicate  that  even  in  the  elements,  atoms  do  not  exist 
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sepantely,  bat  that  here  also  2  atoms  are  commonly  oombined 
into  a  molecule.  All  bodies,  therefore,  consist  primarily  of  mole- 
cnlee,  each  <tf  which  is,  in  torn,  oompoeed  of  like  or  unlike  atoms. 
The  weight  of  a  molecole,  ue.  the  moleevlar  weight,  is  equal  to 
the  stun  of  the  weights  of  its  oonstitaent  atoms.  The  molecnlar 
weight  of  cinnabar  is.  then,  200  +  32  =  232 ;  that  of  black 
mercnry  sulphide,  200  +  200  +  32  =  432.  A  molecule  of 
hydrogen  oonsists  of  2  atoms  of  hydrogen,  and  its  weight  is 
therefore  eqnal  to  2. 

49.  The  EUmenta. — There  are  as  many  different  kinds  of 
atoms  as  there  are  (dements.  The  elements  thus  far  known, 
the  symbob  for  their  atoms,  and  their  atomic  weights,  are  the 
following  seventy-four : 


AlamiDiam 

M 

27 

Aathaoay 

Sb 

120 

AlgOQ 

At 

20(?) 

Areenic 

Aa 

75 

Buriom 

Ba 

137 

BeyUium 

Be 

9 

Bismuth 

Bi 

208 

Boron 

B 

11 

BromiDe 

Br 

80 

Cftdmiam 

Cd 

112 

Caesom 

Cs 

133 

C»]ciiim 

Ca 

40 

Carbon 

C 

12 

("■erium 

c« 

141 

Chlorine 

C] 

35-5 

ChromiuiQ 

Or 

52-5 

Cobalt 

Co 

69 

NiobiniD 

M> 

94 

Copper 

On 

63 

Decipimn 

Dp 

171 

Didyminm 

Di 

142 

Krbiam 

K 

16<; 

Flnorine 

F 

HI 

Gallium 

Ga 

70 

GerrQaiiium 

Ge 

7.1 

Gold 

All 

197 

Uelinra 

He 

4(?) 

Hydrogen 

H 

1 

Indiom 

In 

113-5 

Iodine 

I 

127 

Iridium 

Ir 

192-5 

Iron 

Fe 

56 

l*nthaniiTn 

U 

138-5 

Lead 

LMimm 

Magnestnm 

Maoganese 

MercuiT 

MolybtKnnm 

Neoilyminm 

Nlckle 

Nitrogeo 

Osniom 

OivRen 

Palladinm 

I'hosphoras 

I'latiDum 

rotaaaom 

I'raseodyinium 

Rhodiam 

Rubidiam 

Kalh^uom 

Samarium 

Scandium 

Scleninm 

Silicon 

saver 

Sodium 

Strontium 

Sulphur 

Tantalum 

Tellurium 

Thallium 

Thorium 

Thulium 

Tin 


Pb  206-5 

U  70 

Mg  24 

Hn  55 

Hg  aoo 

Uo  96 

Nd  141 

Ni  58-5 

K  14 

Os  191 

0  16 

Pd  106 

P  31 

Pt  194-5 

K  39 

Pr  144 

Rh  104 

Rb  85 

Rn  103-5 

Sa  150 

Sc  44 

Se  79 

Si  28 

Ag  108 

Ka  23 

Kr  87-5 

S  32 

Ta  182 

Te  125 

Tl  2M 

Th  232 

Tu  171 

Sn  117-5 
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TiUnttim 

Uranltim 
Vaoai)iuni 


Ti  48 

W  184 

U  2S9 

V  81 


Vtti!r1)!iim 
Yttrium 
Zinc 
Zircoiiiuni 


Yb  179 

Y  89 

Zn  65 

Zr  90-a 


Those  elemeuts  moHt  widely  dUtribiited  and  of  mo^t 
imporfuitL-e  in  Nature's  hoii-sehiilil,  an;  cuniliasized  by  nider 
spaces  betweeu  Uio  letters  uf  tliuir  uameB. 

To  express  the  fact  that  sovcrat  atoms  of  au  element  are  held 
ill  eombiiiatiuD,  the  inimlier  of  atoms  h  iTidii,-ate<l  by  a  Kmall 
figure  Ui  the  right  uid  IjelDtr  theatotiiic  sign,  «.<;.  the  "clietnical 
formula"  H^O,  uf  uater.  ludicatm  tliat  a  mulecule  uf  water 
consists  of  2  atoms  of  bydrogen  tuul  I  ntom  oi  oxygon,  and  si>, 
that  it  coutaiuA,  then.  If  jmrtii  by  weight  of  hydrogen  and  Iti 
pArts  of  oxygen, 

90.  Molecular  Foroei. — From  the  H^umptioii  of  invariable 
]aole«;ul«(,  the  idea  netrnsgantv  follows  that  the  tiiob-oules  do 
not  touch,  hut  are  separate*!  from  one  another  by  empty 
intenitiecfi  (not  to  be  cotifused  nitli  perceptible  [mifli*).  For, 
only  on  this  basis  does  the  general  property  of  %'»riability  of 
Tolumcs  become  intelligible.  According  to  this  view,  when  the 
Tolome  of  a  body  is  inereased,  or  decreased,  the  molecules  are 
merely  thrunu  farther  apart,  or  (.-rowded  closer  together.  i.e. 
only  the  mutual  distaueea  of  the  mole^^ules  change,  the 
molecules  themselves  remaiuEug  unaltered.  If  the  molecules  nf 
a  body  do  nut  cliug  t<igether  of  their  own  acoonl,  forecs 
ouologoua  to  gmvitatiou  in  (he  plauetary  system  muat  be 
colled,  into  play  between  these  molecules  to  cause  them  to 
coalesce.  jTheso  forces  are  known  as  moleeniar  fotm.  Their 
density  ^fiicreasas  rapidly  with  inciensing  distance,  and 
IwcomeM  imperireptible  even  at  extremely  sumll  distam^;;. 
These  latter  distances  are  knowrn  ai  radii  of  the  sphtrt  of  action 
ot  the  molecular  forces.  That  thotw  radii  arc  quite  »mnll  i.^ 
shown  by  the  fact  that  If  a  l)0(ly  !«  broken,  or  torn,  asunder,  a^ 
a  rule,  tt  is  impoeeible  to  reunite  the  fragments,  since  the 
particles  of  the  ruptured  gurl'ooes  cannot  be  l»rought  closely 
enough  together  to  make  the  mole<'ular  attraction  sufHcicntly 
strong.  If  the  surfaces  of  glaJis,  or  metal  plates  ite  polished  so 
highly  as  to  permit  of  extrcmeliy  i-losc  Lvnlact  of  several  points. 
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the  surfaces  cling  together  with  great  force — with  mueh  great«i' 
force  tliOD  tvui  bo  explaiued  by  atmospheric  pre^aure  alone. 
The  molecular  force  of  attraction  which  binds  the  molecules  of 
a  body  together  is  called  eoh^icni  aud  that  which  causes  the 
pftrticlos  of  different  bodies  t<j  cUng  together  is  called  adheaiwi 
These  forces  show  themselves  with  unusual  inteuHity,  whtin  oiie 
of  the  bodies  is  in  a  liquid  state,  and  gradually  nolldiljes  bj 
the  evaporation  of  its  liquid  constituents,  e.(ji.  gluo,  cement, 
solders,  etc.  The  attraction  which  c«>mbines  atoms  chemically 
into  molecules  li  called  ekeinical  a^nily,  or  aj^nity.  Physics 
deals  with  those  phenomena  only  in  wMoh  the  coaatitution,  or 
composition,  of  the  molecule  ia  not  afifected,  white  chemistry 
ccmcerus  itself  with  those  phenomeua  with  which  the  cum- 
positiou  of  the  mulecule  is  altered. 

0L  CohaftioiL — Itigirlity  and  hardness  are  luanifestaiions  of 
the  cohesive  forces,  which  opposa  themeelves  to  aiiy  external 
force  tending  to  separate  the  jjarticlw  of  a  body.  Itigidity 
may  bo  defined  as  the  force,  which  is  just  suffieieat  to  separate 
the  particlea  of  the  body.  Different  kinds  of  rigidity  may  be 
distinguished  according  to  the  manner  in  which  the  external 
force  is  applied.  Uigidity  in  tension,  or  aimlute  rigidity,  is 
the  reaistaucw  of  a  body  to  tearing.  It  is  proportional  to  the 
cross-section  of  the  body,  and  Independent  of  the  length.  It 
is  measured  by  tlie  number  of  kilograms  required  tu  tear  apart 
a  rod,  or  bar,  of  1  mm.  cruss-seetion.  For  lead,  it  is  2'2;  for 
tin,  2-6;  for  gold.  "26:  for  silver.  29;  platinum,  34;  copper, 
40;  brass,  60;  iron,  63;  and  for  drawn  steel,  83  kg.  SVitli 
most  uielals  the  absolute  rigidity  is  diminished  by  tempering, 
or  annealing.  Transverse,  or  relative  rigidity  of  a  beam,  or 
bar,  is  the  resistance  of  the  bc^am  to  trausverse  fracture  and 
depends  upon  its  length,  the  magmtude  aud  form  of  its  cnms- 
sectiou.  the  manner  of  applying  the  force,  aud  the  mode  of 
supporting  the  beam.  M'ith  et^uol  masses,  hollow  beams  and 
tnbes  have  greatest  transverse  rigidity.  Bigidily  in  eomprea- 
tion  ia  the  resistanco  to  crushing ;  rigidity  in  alitar  is  the 
resistance  of  a  body  to  the  separation  of  it.>«  particles  in  a  lateral 
direction;  and  torsional  rigidity  is  the  rmistance  of  a  body  to 
rupture  by  a  twisting  fcwce. 
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Bardnsis  U  the  resistanoe  a  Ixidy  opposes  tu  a  forAO  teuditig 
to  wear  or  scratch  iU  suriace.  To  establish  a  criteriun  for 
the  iletermiimtion  of  hai-ilnass,  Mohr  constructed  the  folUiwing 
scale  of  hatdiiess  for  tho  minerals  occurring  ia  nature  in  tisod 
and  invariable  forms,  viz.  (I)  talc,  (2)  gypamn,  (3)  calc-apuT, 
(4)  fluor-epar,  (oj  apatlta,  (6)  feld-spar,  (7)  quartz,  (8)  topaz, 
(9)  sapphire,  (10)  diamoud.  lu  thia  lUt  every  uiiiieral  scratches 
Ihe  preceding,  aad  is  scratched  by  the  following  one. 

With  reference  to  the  mode  of  separation  of  the  particles 
of  bodies,  their  cobesiYe  forces  may  be  classified.  If  the 
coherence  of  the  particles  of  a  body  is  not  instantly  destroyed, 
but  a  continuous  and  considemble  alteration  of  form  takes 
place  before  rupture,  the  body  is  said  to  be  malleable,  ductile, 
or  flexible.  If,  on  the  contrary,  the  separation  of  parts  be 
sadden,  the  body  is  called  brittle.  Hard  bodies  are  ui^uallj 
brittle,  and  soft  ones,  mcdtMbU,  The  parta  of  malloablo  bodies 
may  be  reunited  by  merely  pressing  them  together.  For 
exaiuplo,  platinum  utensils  are  made  by  properly  compresiiiag 
the  platinum-spouge,  and  two  glowing  fragments  of  iron  may 
be  welded  into  one  by  crowding  the  white  hot  ends  against 
«Bch  other. 

These  properties  are  due  less  to  the  material  constitution 
of  the  particles  than  to  their  arrangement  with  reference  to 
««vh  other.  Carbim,  for  example,  when  regularly  crystallized 
in  the  form  of  diamond,  is  the  hardest  of  known  bodies ;  but 
rhen  hexagonally  crystallized  as  graphite,  tt  is  ({uite  soft. 
iy  slight  admixture  of  other  oiatarisls,  as  also  by  change  of 
temperature,  cobe«iou  is  materially  altered.  One  of  the  most 
familiar  examples  of  this  is  the  conversion  of  iron  into  stoel 
by  a  slight  increase  in  the  quantity  of  carbon  it  contains. 
Highly  hardened  steel  is  produced  by  rapid  coding.  In  this 
proLieM  of  cooling  the  surface  of  the  body  becomes  rold  and 
rigid,  while  the  interior  remains  hot  and  distended.  Aa  the 
inner  portions  cool  farther  they  experience  reebtance  to  their 
further  contraction  from  the  arch-like  reaction  of  this  vaulted 
surfaoO-  Consequently,  the  exterior  [lortions  of  the  body  are 
in  a  state  of  high  comprettiion,  while  the  internal  parta  are  in 
an  equally  high  state  of  tension.     This  strained  condition  of 
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the  molecules  of  a  body  manifests  itself  in  increased  hardness 
and  brittleneas.  By  heating  (or  "  tempering  "),  the  hardened 
metal  loses  a  portion  of  its  Iwittleness,  bat  also  a  portion  oi  its 
hazdness.  Glass  is  also  hardened  by  rapid  cooling.  Melted 
glass  dropped  into  water  solidifies  into  a  Tery  hard,  slfflider- 
pointed  globule,  known  as  the  Prince  Rupert's  drop,  «■  the 
Batavian  dropu  The  body  of  these  drops  will  stand  a  smart 
blow;  but  if  the  tail  be  broken  the  whole  flies  into  minnte 
particles  with  considerable  violence,  jost  as  a  loaded  arch 
tombles  to  pieces  when  its  key-stone  is  removed.  The  thick- 
bottomed  Boloffmae  p^als,  formed  by  the  rapid  cooling  of  glass 
in  the  air,  instantly  fly  into  pieces  when  a  sharp-cornered 
firagmrait  of  flint  is  thrown  within  them.  The  flint  scratches  the 
inner  soiiace  and  thns  destroys  the  resistance  which,  in  its  onim- 
paired  omdition,  it  opposes  to  the  internal  strain  of  the  particles. 

SS.  Elastid^. — A  body  is  said  to  be  elaalie  i£,  after  defcHma- 
tioD,  it  returns  to  its  original  form.  All  solids  are  elastic  if 
the  deformation  does  not  exceed  a  certain  limit,  called  the 
Umtit  of  etaatieity.  If  this  limit  be  exceeded  the  body  nndergoe^ 
a  permanent  change  of  form,  or  a  »et,  and  a  weakening  of  the 
cohesive  forces  of  its  moleenles  results.  If  this  limit  be  repeat* 
ediy  tran^ressed  the  body  will  finally  be  t(»n  asunder.  With 
brittle  bodies,  however,  rapture  occurs  suddenly.  Within  the 
limit  of  elasticity  the  change  of  form  is  gradnal  and,  after  the 
removal  of  the  external  force,  the  original  form  is  also  gradoallv 
r^;ained.  This  behaviour  uf  a  body  after  the  removal  of  all 
deforming  forces  is  sometimes  called  t  he  efliect  of  etaatie  naelioH. 

If  a  silver  thread  1  m.  long  and  of  1  sq.  mm.  cross-section 
be  suspended  at  oue  end,  and  loaded  at  the  other  with  a  weight 
of  1  kg„  its  length  will  be  increased  by  0-14  mm.  Twice, 
thrice,  etc-,  the  weight  will  be  found  to  produce  twice,  thrice, 
etc.,  the  elongation.  Consequently,  ^om^aHons  are  proporiioiuii 
to  Ae  tensile  /orees  (Hooke.  1675).  li'  a  thread  2  m.  long. 
be  loaded  with  1  kg.,  it  will  undergo  a  stretch  of  OiS  mm. 
Since  each  meter  of  length  stretches  by  0*14  mm.,  the  total 
stretch  with  a  thread  2  m.  long  must,  of  course,  be  double  that 
of  the  thread  1  m.  in  length,  or  tite  dompaiioH  is  prvportiomal  l-t 
tke  ierngtA  of  ike  tMnad,     A  silver  thr«td  of  1  m.  lensth  aD>l 
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2  sq.  mta.  cro3s<section  U  stretched  by  a  ireight  of  1  kf;., 
0*07  mm.  The  thread  of  2  sq.  mm.  (^rosM-seotion  may  be 
n^Krded  as  a  comhitiatioii  of  two  tbreads  em'K  of  1  luj.  mm. 
i;ro89-8oction.  The  ttninile  fun^  is  tlit-ii  tliviilud.  ho  to  Hpcuk, 
into  two  oiiial  parts  by  the  two  thrutuls.  Eru!})  \\aa  a  cfcmn- 
iiectioTi  of  1  sq.  mill.,  iind  is  str«t«rhcd  by  ii  forwc  of  U5  kg. 
I'he  leDgtb  of  CBcb  wUl  thoroforo  be  increased  by  one-half  of 
0'14  mm.,  or  by  0*07  mm.  Tt  apjwara,  tbeu,  that  with  the 
jiame  force,  Aon^aiions  are  inverst^Iy  as  arm*  of  croa-seotioH. 
Hut  these  laws  hobl  only  within  the  limit  of  ela.<«ticity.  For 
the  sUrer  thread  (1  m.,  1  »{.  mm.)  this  limit  ia  rcoi^hed  at  an 
elongation  of  1'4  mm.,  ivhiwh  wmiUl  be  [mHliiced  by  a  load  of 
10  k^.  The  oloDgatiou  cannot  be  carried  farther  without 
leaving  a  permauent  $et  in  the  tbrotid.  This  force  may  be 
■l<um1  an  u  moa>;iire  of  tho  olastirity  of  tho  subutaiiee.  Bv 
virtae  of  those  laws  the  elastic  bebarioiir  of  a  body  under  a 
teiwUe  force  is  completely  known;  if  the  fractional  jiart  of  ita 
length  by  whicii  a  wire  or  pri.sm  of  I  hi^.  mm.  cross-sectioii 
t.H  utrctcliod  by  a  tensile  force  1  kg.  le  known.  This  fraction 
ia  called  the  coe^ta'cnt  of  eiatticity.  This  coefficient  is  for 
AilTer,  0-OOOH,  or  more  exactly  -  ,^  ;  that  of  gold  18  wVinr ;  of 
platinum,  ,:iiro;  "f  c«piwr,  TyUif;  of  iron,  ,^^ ;  of  ateel, 
„^;of  braKS,  3V(ni:o''}?ermaii  silver,  ^tW:  o^  l«»^' raiinF ; 
and  of  glass,  ns'o^s- 

The  ttenomiuators  of  these  frm-tious  indicate  the  niiml^er 
of  tUogiams  (e.g.  for  steel  IS'.O'H)  kg.)  which  would  be  rofjuired 
to  stretch  a  wire  of  the  material  in  question,  1  srj.  mm.  in 
«raBB*flectiou,  to  doable  iU  length,  pro>-ided  t)mt,  in  -so  doing. 
the  limit  of  eUaticity  be  not  exceeded.  'I'he*©  denuminatow: 
are  called  modtUi  of  eloMiciUj. 

The  eiougatioD  of  a  body  in  tho  direction  of  ita  length 
(ttrei^,  tiongation)  is  nlways  accompanie4l  by  a  contraction 
uf  it«  cross-section  {coiUraetion). 

Denote  by  L  tbe  length  of  the  wire  (in  m.) ;  by  y,  its  i*ro88- 
section  (in  aq.  mm.) ;  by  I  (in  m.),  tho  elongation  prtidiiced  by 
the  load  P  (in  kg.) ;  by  »,  the  coefficient  of  elasticity  of  the 

substance;  and  by  E  =  -,  the  modulus  of  elasticity,  and  the 
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above   laws  may  all  be  oondensed  into  the  single  oqiiatioii 

If  a  prism  nf  any  sultt^tanre  be  subjected  to  a  pressure  in 
thft  direction  of  it»  leugtli,  it  will  be  ahort«ued  by  jiut  an 
ranob  09  a  tensile  force  of  equal  intensity  woiibi  stretch  it. 
'L'bat  the  liefnrmatiuns  of  elastic  bodies  »re  directly  pro- 
portional to  the  forced  operating  can  be  u-ell  illustrated  by 
nieam!  of  spirally  wound  motallif  wires,  called  spired  springs. 
«iu(!(!  with  tboiii  i-ehitiTcly  rtniall  forces,  either  in  tension  or 
eomprotjsion,  produce  considerable  changes  id  len(;th  without 
reaching  the  elastic  liniiL  For  tbUt  reasau  eoiled  springs  may 
lie  advantageously  used  as  spring  halames  to  determine  weights. 
Tluise  spring  balances  may  be  constructed  in  either  of  twi> 
ways.  A  slender  coiled  spring,  ilxed  at  ita  upper  end,  indirat^tt 
by  its  elongation,  read  from  a  scale  gradoated  to  millimeters, 
the  weight  of  a  body  placed  in  a  sc&le-])aQ  sii8]>euded  to  the 
lower  ead  of  the  spring.  This  form  L«  known  as  .folly's  spring 
balance.  The  second  form  of  the  ap]mratiut  U  that  in  which 
a  stiff  spring,  supported  below  and  carrying  a  scale  above,  gives 
by  its  ebortening,  read  directly  either  from  a  rectilinear  scale 
or  from  a  circular  dial,  graduated  exijeriiuontally.  over  which 
a  pointer  plays,  the  weights  of  boclies  placed  upon  a  platform 
attaehod  to  the  spmif;.  The  latter  form  is  very  extensively 
naed  for  household  puriKises.  Spring  lialunc-es  used  for  measur* 
ing  large  forces  are  called  dynamomeiera.  'I'liey  consiiit  iisuall)" 
of  a  Btrong  atrip  of  steel  bent  iiil^i  the  fijria  of  a  spring  which, 
by  its  defortuatioo,  sets  a  pointer  in  motion.  If  a  dynamo- 
meter be  placed  betwwn  the  traces  of  a  hor^e  and  the  plough, 
the  force  exerted  by  iho  horny  to  draw  the  |)lough  may  be 
read  &om  the  scale  in  kilograms.  In  all  these  ap[)aratus  the 
deformation  consists  almost  entirely  iu  the  flexure  of  an  elastic 
strip  of  metal. 

Tonionai  ela»ticiiif  is  developed  in  a  rod,  or  stretched  wire, 
when  the  upper  end  is  rigidly  tlxed  and  the  lower  tumod  or 
twisted  by  means  of  a  horizontal  lever-arm  in  a  horizontal 
plane.  The  force  with  which  the  rod  opposes  thin  twist 
increases  with  the  angle  througli  which  the  levor-arm  is  turued. 
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The  tomm  balanot,  a  conttiruoe  for  meaaoring  small  forces 
by  balancing  them  against  the  tvigting  force  of  a  mre,  is  au 
application  of  this  latr. 

Elasticity  finds  nninerotis  applic-atinns  iu  practical  Itfd.  In 
pocket  watches  and  in  clocks  it  acts  as  a  driving  force.  A 
spiral  spring,  enclosed  within  a  box,  is  twisted  by  a  key  into  n 
fitate  of  bifth  tension,  and  then,  by  virtue  of  its  elasticity, 
slowly  unwinds  and  set«  the  meobAnism  in  motion.  The  coril 
of  a  crossbow,  atrotchod  by  the  hand  and  suddenly  released, 
hurls  the  arrow  with  great  Telocity.  The  laUistm,  the  siei^e 
guns  of  the  ancients,  depended  likewise  upon  this  principle  of 
elasticity.  Elasticity  is  also  of  great  Talue  in  destroying  the 
iDJiuioiu  effect*  of  violent  ahocke.  The  springs  under  railway 
coaches,  as  also  the  stiff  coiled  springs  holding  the  butfeni 
of  those  coaches  in  p1a(«,  serve  this  pnrjioae.  The  spring 
balance,  where  elasticity  is  used  for  weighing;  and  for  measaring 
forces,  has  ulready  been  c/msidered.  With  the  ordinary 
balance  the  prcMure  of  a  biKly  due  to  gravity  is  compared  with 
that  of  the  weights  used  to  balance  it.  With  this  apiwratus, 
therefore,  the  weight  of  a  body  would  be  the  $ame  at  aU  points 
of  the  earth's  Riirface.  .\  spring  balance,  ou  the  other  band, 
givee  the  ahsoiuie  pull  of  the  earth  upon  the  body  to  be 
weighed,  and.  if  gradiiale<l  at  any  point  of  the  earth's  smface 
off  tbe  equator,  and  a  weij^ht  of  one  kilogram  be  put  upon  its 
scale-pan  at  the  equator,  its  sc&le  would  indicate  less  than  one 
kilogram. 

88.  Hftrtic  Tibrationi. — When  the  fon-e  tending  to  doforiu 
a  body  ceases  to  act,  every  partii-Ie  of  the  body  will  lie  driven 
towaida  its  original  position  by  the  force  of  elasticity,  which  in 
e({nal  and  opposite  t<>  the  ilt-fitrmtiig'  fon-o.  Tbe  [nirticlee, 
howerer,  do  not  suddenly  come  to  rest  in  this  position,  bnt 
pass  beyond  it,  thereby  giving  rise  to  a  <leformation  opiioeite 
in  kind  to  the  former  (e.y.  eomprewion  instead  of  elongation), 
and  then,  under  the  influence  nf  the  elastic  force  due  to  tlm 
new  deformation,  they  are  again  drawn  toward  their  original 
poaition,  and  so  on,  until,  after  a  series  of  vilrraiions  (or  oscilh- 
liom),  they  ftnaJly  come  to  rest  iu  tbb  position.  !Since 
the  moving  force  is  always  pn*itortionaL  to  the  distance  of 
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the  moving  point  finim  Ibe  {MjeitiuD  of  equiUbrtiim,  or  to 
tbc  distonoe  tliis  puiut  miut  travene  to  reftch  tbu  positiou, 
tbaM  elastic  vihratinnii!  are  nil  of  equai  duration,  or  i$ochronoHe, 
M  are  those  of  a  peiululuni  o(  nxaaM  amplitode  of  vibratioti. 
The  duration  of  viUratiou  here  means  the  time  requited  to 
perfurm  a  complete  to  aiul  fn>  vilfration,  nnd  nut,  lu  in  the  case 
of  the  pendulum,  tLe  duration  of  a  to  or  fro  vibratioiL  By 
meaiu  of  a  coiled  metalUo  wire,  sitsponded  rortit-ally.  u>  whose 
lower  end  u  weight  m  attairhed,  elastic  vibrations  may  be  easily 
made  apparent  to  the  eye.  If  the  weight  be  rlra«ii  down- 
ward uith  the  fiugen  and  then  let  loose,  it  n*ill  vibrate  ver- 
tically upward  and  dnnnward,  the  wire  l^ing  ultem&tely 
aliortonod  and  lengthejie<l.  The  iiumberof  vibratiuiu  pcrfunuMl 
bk  a  given  length  of  time  will  always  be  the  same,  whether 
the  weight  be  drawn  downitard  fili;;lilly,  *tr  iMHisideraMy. 

If  now  the  wt^ight  be  drawn  downward,  2  I'lii.,  for  example, 
not  only  muxt  the  hand  exercise  against  the  gradually  iu- 
creaaing  elastic  resiistaoce  of  the  wire  an  average  pull  twice  as 
great  m*  il  it  were  drawn  downward  by  only  I  cm.,  but  it  must 
alao  more  tluoagh  twice  aa  great  a  distance.  The  work  per- 
forme4l  in  overcuming  the  elastic  force  uf  the  wire  in  the 
former  luue  in  thert-fore  four  times  as  great  as  in  the  Utt«r.  If, 
further,  the  weight  he  drawn  downward  with  three  times  the 
force  through  three  times  the  distance,  nine  times  as  much 
work  miuit  be  {)erformeiL  The  instant  the  hand  is  removed 
the  work  performed  is  transferred  to  the  weight,  and  reveals 
itself  in  the  energy  of  tbe  vibration.  With  twice  the  ampli- 
tude of  swing,  the  vibrations  are  performed  with  four  times  the 
energy;  with  three  times  the  amplitude,  they  are  performed 
with  nine  times  the  energy,  eti;.,  or,  generally,  the  eiter^  of 
vibration  it  proportionai  to  the  lyuare  of  Vie  amplitude. 

The  duration  of  vibration  of  a  particle  under  the  aiHiou  of 
the  force  of  elasticity  may  be  calculated  by  a  method  similar 
to  that  used  with  the  [>euduliini.  Like  the  pendulum,  such  a 
parliide  is  capable  uf  a  circular  motion  resolvable  into  two 
vibrations  of  equal  duratiou  and  perpendicular  to  each  other. 
Denote  by  p  the  force  at  distunce  I  from  the  position  of 
equilibrium;  the  centripetal  force  at  the  circumference  of  a 


SOLJDS. 


101 


uirvie  with  rwliiia  r  is  then  pr.     Again,  if  T  be  the  periwl  of 
revulution,  and  m  the  masti  of  the  pRrtide,  this  centripetal 

force  also  o([iialB  -^^''. 


Con8«|ueiitly  pr  =  -..^a"  i 


whence 


=  2-\/?- 


J' 


An  important  application  of  the  invariable  equality  of 
duration  nf  elastic  vibrations  was  mailo  by  Hooke,  in  1C;>8,  in 
the  regulation  of  watchcij.  This  he  di'l  by  attaching  to  tho 
lialance  whe^I  a  ilelicato  spirally  eoilod  spring,  whi«h,  by 
alternately  winding  and  nnwinding,  checked,  by  the  aid  of 
the  balance  wheel,  the  movement  of  the  escapement  at  equal 
intervals,  and  then  released  the  advancing  socoud-hand  at 
precisely  equal  intervals  of  time,  allowing  it  Co  advance  unc 

J)4.  CryatalUzatian. — Crystah  are  milids  uf  regular  intemnl 
structure,  which,  when  sltowed  to  develop  luimoIeBted,  are 
boanded  by  regidar  plane  surfaces.  If  a  pioc«  of  calo<«|uir 
be  struck  a  smart  blow  with  a  hammer,  it  will  fall  ajturt  intn 
uugiilar  piecet^,  each  of  whtoh  is  bounded  by  six  surfocei*. 
par&llel  to  each  other,  two  and  two.  Thin  tendency  of  the 
body  to  cleavage  along  throe  dctinitc  planer  Ixitrays  thu 
regular  internal  structure  of  calc-^par.  Ft  is  this  peculiarity 
of  structure  which  accoimtj*  for  the  citenml  form  of  the 
crystals  (Pig.  53)  of  culc-Hjiur  iMiuurring  in  niitiiro.  In  their 
Htmplest  form  these  crystulx  are  bounded  by  six  surfaces, 
parollol,  in  pairs,  to  the  thre«  <lirection3  of  intenml  cleavage. 
The  bounding  surfaces  of  crystals  arc  not  always,  as  in  the 
ailduc«d  example,  parallel  to  the  directions  of  cloavuge.  Only 
pure  chemical  cflmponmls,  \.e.  only  sncli  as  are  wholly  free  from 
fnTeig:n  adiuixturc,  and  clomontK  are  rapahlc  of  crystallization. 
^^'^cu  the  soparatinu  of  a  solid  frum  \U  solution,  or  the  solidi' 
llcation  of  a  molten  IkmIv  takes  ploce  so  slowly  and  quietly 
that  the  moleculeit  of  the  body  mny  dispose  thomselvus 
regularly  under  the  action  of  the  ni<ile<?iilftr  forces  of  attraction, 
orystallization  may  occur.  All  [xMsibte  forms  of  crystals  are  re* 
ducibletosix/un<?rtmffiU(i?/oniw,ur  /y^,  each  of  which,  with  its 
various  dorivatiro»,TOn»titul08  a  syaiem  o/cry^c^s.  The  regnlar 
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eight-sided  rrysu!  {tho  regular  octahodrou.  Fig.  49)  may  b© 
regarded  as  the  fiiudamentAl  form  of  tho  r^c^u/ar  intecnuetrui 
oystem.  This  form  Ls  a  double  pyramid  bounded  by  eight  equal 
wpiilAterai  triangles.  The  three  right  lines  coniiectlng  the 
oppoflite  vertices  uf  the  LMjIaliwlron,  iiitersectiug  each  other  at 
right  angles  at  tbo  coutro  uf  the  crystal,  are  called  its  axes. 
This  syrtem  of  three  equal  axea  iutersecting  each  other  at  right 
angles  ( Fig.  50)  is  of  fundamental  importauce  to  the  forms  of 
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all  (Tystala  belouging  to  the  isometric  system.  The  other  forms 
uf  crystals  are  also  most  simply  discussed  by  reference  to  the 
same  system  of  intersecting  axes.  The  quadratic,  leimgtuiaJ, 
orjdinietrio  system  is  thai  in  which  all  the  furms  are  leferahle 
to  a  syittem  of  three  rerrtaiigidar  axen,  only  two  uf  which  are 
equal,  the  third,  or  jrrincipal  axis,  being  cither  shorter  ur  loDgor 
than  the  otiiers,  Tho  d<»uble  quadratic  pyramid  (Fig.  51), 
enclosed  by  eight  equal  equilateral  tiiangles,  may  be  taken  an 


Fio.  St.— Doable  Fynuuiil  ur 
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the  fuudameDtal  form  of  this  .system.  The  cr}-stala  of  thv 
hexagonal  system  ate  referred  to  four  axe^  of  which  three  are 
lual,  lie  in  one  pinue  and  croea  each  other  at  angles  of  si.xty 
legrces.  The  fourth  axis,  called  the  principal  axis,  is  at  right 
angles  to  tho  piano  of  tho  other  thtee  (the  secondary  axes),  and 
panes  ibrutigh  their  (v>mmon  interwetiou.  Tho  fuudaniental 
fWm  is  the  duubto  hexagonal  pyriimid  l.l''ig.  52j  bounded  by 
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twolvo  cqnUateraJ  triangles.  If  the  firat,  third,  and  fifth  faces 
of  the  nppor  pyramid  of  thia  typical  crystal,  and  the  eeoond, 
fonrth,  and  sixth  of  the  lower  bo  extoniled  until  the  renmiuing 
iaces  vanish,  the  rhombohedrun  of  Fig.  53,  bounded  by  six 
quadrangular  surfaces,  is  formed.  A  crystalline  form,  obtained 
by  exteuding  the  aitemalc  aurfaces  until  the  other  sitrfacee 
vanish,  ia  called  a  Affiit  Wron.  Thisrbomboidal,ororthorhoiiiliio 
8ysl«m  ig  characterised  by  three  rectangular  axes  of  unequal 
length.  Tlie  clinorhombiu,  luimoclinio,  or  monosymmetric 
lifstem  has  likewiBe  three  unequal  axes,  of  which  two  inter8e<--t 
each  other  obliquely,  while  the  third  is  at  right  angles  to  the 
plane  of  the  other  two-  The  relative 
lengths  of  the  axea  vary  greatly  for 
iltflerent  crystals.  In  the  clinorhombic, 
triclinic,  or  asymmetric  system,  the  throe 
axes  are  oblique  to  each  other  and  uii- 
«qaal  in  length,  .is  a  rule,  a  definite 
form  is  jieculiiir  to  every  simple  or  com- 
pound subdtaDce,  or  the  various  lonus  uhicb  Us  crystiUs 
•re  capable  of  assiuntng  may  be  reduced  to  a  single  funda> 
mental  tutui,  ur,  what  i<t  the  same  thing,  they  all  belong  t'l 
one  auil  the  same  syiiteni  i»f  crystals.  Ifany  substances, 
however,  are  ca[)ab1e  of  erystallizing  in  two  different  systems. 
f)n  this  account  they  are  termed  dimorphous.  Galciwu.  ear- 
honate  uryatallizes,  for  example,  na  tuUc-apar  in  the  hexagouflJ 
sy8t«at  (■'.«.  as  rhombohedra),  and  as  aragunitc  in  various  forms 
of  the  rhomlxjida]  system.  Itodtes  which  consist  of  a  muss  uf 
irapeifectly  formed  crystals  (i^jj.  marble,  white  sugar)  are  called 
crytttdiine.  13odies,on  the  coiiimry,  not  exhibiting  thia  crystal- 
line structure  are  calleil  amoryhous  (formless). 

Ajnotphoiis  bodies  whose  internal  structure  shows  the  same 
constitution  throughout,  exhibit  the  name  physical  character- 
istics in  all  directiou-i  (e.ff.  glass,  all  Buids).  The  same  is  true 
(if  all  crystals  of  the  regular  system,  whose  intenial  eonstitutiou 
is  characterized  by  three  etpial  axes  at  right  angles  to  uue 
another.  Such  bodies  ore  iaotropic.  The  crystahi  of  the  live 
remaining  systems,  on  the  tither  hand,  exhibit  different  pro- 
|)erties    in    different    directions,  as    regards    their    rigidity. 
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hanlness,  eiiisticity,  liGftt-cunduolivily,  |>ni]>agfl,tiou  uf  ligbl.  ami 
Ml  forth.     8ticU  bodies  are  antwtropie.  or  heterotropic 

66.  Xmpafitr — Shocks. — A  sIktIv  occurs  when  a  moTing  boily 
rolliilvM  witb  aiiutlier  body,  either  at  rest,  or  In  iiiotioii..  fW 
example,  a  moriDg  railway  car  may  i^trike  against  another  at 
rest  upon  the  track.  As  wwn  mt  the  hutTerH  ('oine  in  c^mtaiH 
with  each  uther,  the  ninvJiig  fta  exerts  a  pre^ure  tigainst  ihc 
one  at  rest,  and  in  turn  aufl'ers  from  t]ie  latter  an  eifiially  ^eat 
connt«r-|ir«wurc.  The  car  which  received  the  im|iart  is  set  in 
motion  aud  aiTcelerated ;  the  motion  of  the  other  car  ii*,  an  tbr 
wtutmry.  retarded.  This  preseiire  continues,  however,  only 
until  both  rani  Httaii)  the  aaine  vilnnity.  At  the  instant  when 
this  coiiditiorj  is  reached,  the  first  part  of  the  effect  of  the  shiK'k 
is  completed.  But  the  biiffem  of  cars  are  provided  with 
spindly  wound  steel  springa.  Wlule  the  ears  are  atrting  ii|m)ii 
each  other  thet^  springs  axe  liein";  coiuprasged  with  a  force 
equal  lo  their  reciprocal  pressure.  As  soon  as  this  preesure 
ceases,  however,  they  recoil  by  virtue  of  their  elasticity,  with 
precbiely  the  same  force;  »o  that  in  the  secnnd  part,  uf  the 
effect  of  impact,  the  impin^'ittf;  i.>ar  receives  a  bnt^knard 
pressure,  and  the  other  a  forwiird  pressure,  equal  in  both 
raflos  to  the  pressure  experjem^eil  during  the  lirst  jHirtion  nf 
the  tjhock.  Suppose,  for  example,  the  two  cars  to  bo  of  oqn»l 
masi*  {*.e.  e<|iially  heavy),  then,  at  thp  end  of  the  first  port  «( 
the  effect,  the  foUuniu^  car  loses  half  it^i  velocity,  since  it  lu 
cumpelleil  to  impurt  it  to  the  preceding  car,  and,  in  the  set-oiid 
|iart.  it  again  suffers  an  equal  liws,  oud  hence  comes  to  rest. 
On  the  other  hand,  the  ear  which  was  ut  rest  at  the  outset 
receives,  during  the  second  part  "f  the  action,  the  siuue  occolera- 
rioii  aa  during  the  tirst,  anil,  eousetjuently,  moves  forward  with 
the  entire  ongiiud  velocity  of  the  colliding  car.  Precisely  the 
same  thing  happens  when  two  tlaslic  iHKltes,  «.(;*.  twf*  ivory  Imlls, 
collide.  During  the  first  part  of  the  shock  their  snrlaces 
liot'ome  flattened  at  the  point  of  contact.  During  the  setwnd 
half,  they  remune  their  original  fi.rm,  the  flattened  portions  of 
the  surfaces  mutually  reacting  itgaiusl  eat-li  other  like  h  spring, 
so  tliat  each  proceeds  with  the  velocity  formerly  possessed  hv 
the  other.    That  a  flattening  of  the  surfaces  occurs  at  tnliisiun. 
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may  be  pMved  by  dropping  an  irory  ball  upon  n  smooth 
niftrblo  surfaue,  (!4)vere<l  nitli  sottt.  The  bait  roboiitids  alinottt 
Ui  its  original  hei^lit.aiid,  thoii^li  |»erfpi-tly  rouiHl, shows  at  tbe 
jKimt  of  contoct  ul'  its  surfairf  a  L'ir»:»lar  black  spot  of  coiisitlci- 
ably  greater  dittuieter  timn  woiilil  bu  prtidtived  If  it  were  cjuiutly 
laitl  iii)on  tLo  MttL-ki'iu;*!  wirlact-.  thiLs  pihowirig  that  at  the  instant 
of  etiUision,  the  ontin?  giirface  <■!"  tbe  ball  cuvor«d  by  the  spot 
was  iu  eontatst  with  the  plate.  Ilnriiig  the  progress  of  the 
shock,  no  portion  of  the  entire  energy  of  the  colIiiHng  bodies 
is  lost,  fur  that  portion  of  the  energy,  which  ix  consmned  during 
the  Brst  [jortiou  of  the  tthock  tu  flattou  the  bidlii,  ijc  to  o<inipres.s 
the  springs,  and  converted  from  energy  of  motion  into  the 
l>otcnt)al  energy  of  the  oompressod  springs,  is,  during  the 
second  port  of  the  t<hoftr,  while  the  tiattening  is  disappearing, 
or  the  spring  in  returning  Ut  ito  condition  of  eqiiilibriiui), 
wholly  «;tniiwfonnod  into  energy  of  imi\'w\i,  ut  kiti«tic  ater^. 
But  with  ittdattie  bodies  the  matter  is  very  different.  If,  for 
example,  the  springs  of  the  buffers  had  been  made  of  lead. 
itutead  of  steel,  they  would  have  Iteen  (Mnipre-ified  m  before 
iliiring  the  (!olliHion,but  would  nut  then  hare  returned  to  their 
original  state.  The  Kecond  part  of  the  tihock  wi»uhl  cons<^ 
<(iiently  have  no  existence.  The  carx  wouM  i-uutiniie  tu  more 
f-och  with  hah'  the  veliK^ity  of  tbe  first,  and  would  ha\o  lost 
completidy  that  portion  of  the  original  energy  whicli  wa-s 
oonsinnod  in  (^y^mpresning  and  heating  the  lead  in  the  spring. 

Iftwom&swB,  mftnd  nt'  (Fig.  M),  muvu  itt  tlio  tuimo  attaigbt  lino  willi  tlio 
nlocities  e  Ktid  c'  (e'>«},  in  tlio  lUivi-lion  of  tliu  _ 

«rrow  (— »,  and  itt  tliv  i'Iork  of  tho  llrst  linlf  of  (lio 
shock  tnomiUMS  buve  atUiJDOit  tho  eommon  ^'elocEty  ii, 
th*  rortner  will  hare  gAJoeil  tlte  rolocity  u  —  r,  nmt 
(b»  Utt«r  wit]  bare  lost  the  velocity  c'  -  y.  Tli« 
fbrcM  which  the  twa  bodies  tx«rt  upon  «soh  other, 
uv  cxpnmed  by  tho  prwliicb  of  Iho  nnwwa  into  tho 
oorrMpondio);  cnangM  of  Uio  roloritios.  B^ns  meraly 
an  action  and  iti  coTTCsponiling  reaction,  Uwr  miwt  lie  equal.    Wc  baTc, 

of  tin  ^vatttitie*  of  motim  M&r*  and  afftr  Ike  Adtk  art  equal  to  ea^K  eth4r. 
Thia  holds  both  for  elafttf  and  for  iiWaWic  bodice 

tSnco  with  inelastic  bodies,  Uio  socutxl  [xut  of  ihc  stiock  OlM|i]><-Ara,  tlio 
bodiee  move  on  tt^-Uier  wKh  tiic  commofi  %olocity, 

w  +  ai'  ' 


. — o 


106 


SXrEBIMESTAh   PHYSICS. 


\js.  titt  tielocit]/  after  tke  thixk,  thtrtfore,  u  tho  vxinhttd  viean  of  the  vtloMivt 
b^on  the  thock.  If,  on  tlix]  contifiry,  Uie  culliiling  boilieti  are  perfectly  ckstJc, 
the  maeB  nt  guins  during  the  «econ(l  acl  of  the  dhoclt  the  volocity-incremeiit 
u  —  c,  ths  miiM  n'  ]o«e«  for  a  second  time  the  velodty  c'  —  u,  ani)  their 
reK|ieciJvi.-  vetut^itieti,  v  mkI  if,  ufltT  tho  Khuck,  are  v  =  u  -i-  (u  —  c)  uil 
v*  =  w  —  (o'  —  «),  or  V  j:  2i(  -  .;  Biid  w'  =  '^ii  —  c',  la  wljk'li  ucjiiiilioiw,  by 
m«nly  mihstltuliog  iho  abovo  vnJu'-  of  ti,  the  ^'eiIuch  of  ti  niiii  v'  ttra  obtaiiiM 
in  teniia  of  m,  at',  c,  c*. 

If  tlio  maasoi  are  eciiial  (m'  =  m),  Ihon  2«  =  e  +  c",  ami,  tberefaro,  w  =  e' 
and  v'  =  e,  i.e.  eipuzt  ela»fie  vtatmc  proceed  after  dSocfc  luifA  iftfercAanjerf 
vtloeitiea.  All  tho)»  pquatioiiB  hold,  not  only  whoii,  sa  was  nsmimed,  tlio 
l>adi«8  inovu  in  tlio  aamo  direction,  but  they  are  nUo  true  for  luiitiuiui  in 
uppQiiitA  directjonit  [irovided  oppoeite  vclociliea  be  r«^riJcd  ns  tM^tivv. 

It  1«,  rtiilliormore,  «uy  to  eoo  that  mv  +  m'o'  =  tw  +  m'c'  an  the  one 
liand,  and  on  tbe  othDr,  mu  +  in'M>  me  +  m'c',  ■>.  vitli  eloatic  moMestbe 
total  kinetic  energy  beforo  and  uttM*  a  shock  is  the  Miine,  but  with  inelofitic 
bodies  the  kinetio  encrgjr  U  loot. 

The  lawH  (>f  ahock  tnay  ho  proved  also  hy  meatts  of  tlie 
pereta$io}t  machine.  In  this  a|iparttt«8,  two  or  more  njiheroa  are 
ftVMpended  from  tlio  urm  ut'  h  stHiidanJ,  in  siu-U  way  aa  to 
touch  each  other  mutually  whcii  hmigiiig  at  equUibriiim.  If 
one  of  these  balls  be  raiseil  to  a  L-ertein  height  and  thon 
ilropjjed,  it  will  full  (Uong  the  arc  of  a  cirtde  ami  strike  ajs^ainat 
the  other  bolls  iu  a  horizontal  direction.  With  tuo  elastic  balls 
(e.^,  of  ivory)  of  equal  rna«9,  the  falling  liall  i'x)mea  to  rest  upon 
striking  the  statiumiry  ball,  which  latter  rises  tu  the  heightfroni 
which  the  former  fell.  "When  sevrral  {e.g.  seven)  equal  ball.'j 
are  hung  in  a  straif^ht  line,  nnd  the  tir»i  in  dropped  against  the 
seoond,  the  seventh  alone  flies  fornanl,  cooh  intermediate  ball 
reinaioing  quietly  iu  its  [losition  of  eijuilibriuni,  merely  traiis- 
fera  the  velocity  of  the  ball  ueit  preceding  it  to  the  one  next 
folluwiug.  If  the  flrst  two  balt^  be  ilropjicil  together  against 
the  third,  Ihu  last  two  balls  of  the  row  fly  furward;  oud  if  the 
first  three  impinge  agaiuet  the  fourth,  the  last  three  balls  more 
forward  together,  only  the  middle  boll  remaimng  at  rest. 

Two  equal,  inelastic  spheres  of  moist  clay,  after  collision, 
move  forward  together  with  half  the  velocity  of  the  first,  and 
both  are  permanently  flattened. 

If  an  fhwtii:  body  strikes  porjHjndicularly  against  an 
immovable  ulaslif,  wall,  it  t^bounds  nith  unchanged  velocity 
along  the  same  lire.  If  it  strikes  the  wall  obliquely,  however, 
it  is  thromi  bockward  with  the  same  velo(.'ity  and  at  the  same 
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angle  tvilb  the  surface  uf  the  wall,  as  is  easily  obaerved  iu  n 
game  of  liilliarila 


Fid.  fiS. — CoiueiviitlDit  of 


If  Ui«  poutioii  of  the  rooMort  »i  oikI  m',  upon  the  line  conDOCtitig  tlicir 
<:entpnt  of  grairity,  nt  iiny  inntAnt  btfore  Ihe  shook,  bo  given  by  thoir  disUnocs 
r  MiH  r',  from  wiy  i-oint  A  (Fig.  65)  upon  thin 
linv,  Ihc  ilirtAQti;  i  of  their  cowmuii  outilre  of 
KHivitj'  frwui  A,  w  bj-  (28)  ^ivtu  Iry  mftftni' 
«  ibe  etguaUuu  (m  +  »i['>  =  mr  +  mV.  If 
during  the  uext  bniiilctoiual  iuUiivaloftitnc  t, 
the  utuoBB  move  througb  tlto  in&aitotiiiul 
disbuices  f  nnd  )>',  their  centna  of  K>iivily 
dnriDg  the  samo  limo  will  bu  diapUcvsl  ll)r»u};b  Uie  dietAnco  7,  in  «ueb  vny  as 
■Iways  to  fulfil  tlic  f^unttuti — 

(m  +  Hi)(*  +  «■)  =  v»C'-  +  P)  +  m'Cr"  +  />"), 
from  whlcli,  Hin(>e  tliQ  foraging  equation  also  holds,  it  foltovit  that 
(m'  4  fn)ff  ?^  Y»^  -f-  my. 

Jl*  bolli  «idc«  of  tJilH  n^iialEon  bo  <li7i(lo(l  by  t,  and  the  velooitHtt  uf  tlic 
jDMiM iw and  m',  tLflt  u,-  aod  -,  bo  put  equal  to  c  and  c'  n»p«etive]y,  and 

dw  vdocity  uf  tJicir  comraoti  cantra  of  jjnvity,  -,  be  dtedgaaUid  by  u,  Uua 

ktl«r  Toloclty  will  tb«ii  bu  doCermined  by  tlie  ociustioii— 

(fft  +  tw^u  =  mo  I-  rn'c', 

froo  which  Ibo  VDloctty  aller  impact  wan  tIct«miiiiol  En  n  forogoiof^  paragraph. 
Tb«  Ttlocity  of  tliu  coiiimon  ceiitro  of  Rrarity  lief'iro  the  ehock  is,  tharvforo, 
tho  mno  a*  atler  tlie  alinek,  tir  the  raotian  of  the  common  centra  of  ^vity  h 
not  ciianged  b?  the  tlioek.  7%i«  priueipte  c/  Ike  eonstrtialUM  tf  th»  ewtrt 
ifanurity  bolas  not  ouly  for  two,  Imt  for  any  number  of  maasea,  which  may 
ooUid«  any  Climber  of  timea,  becauH  at  web  nhoch  tho  compreasioiutl  forces 
€S«ite«l  are  Mgnnl  and  opposite  and,  eon««)iu«n(1y,  upon  the  motian  of  tliu 
c«Dtr«  of  Rrnvity  «f  the  vbol«,  tlicy  can  have  no  i&fiu«n«e.  After  tlic 
tHintiDg  of  a  bomltholl.  for  cxaiu|)I<.-,  tbo  cunimon  ceotw  of  miTitr  of  all 
Ibt  fira^mnta  m»TM  tmdiaturbcdly  forward  in  ib  original  parabolic  orniL 

68.  Friction. — When  two  bodios,  pressed  apraiust  each  othor 
by  forties,  move  relatively  to  (nie  auothor,  in  consequeueo  of  tho 
ruughuess  of  their  surfaces  their  relative  motion  is  opposed  by 
a  force  calle<l  friction.  The  niH^iittide  of  tho  reaistant'e  of 
friction  caii  I'D  ubtained  by  a  siniplo  apjioratiia  inrcDted  by 
Coulomb,  in  ITtil.  This  derice  ootmste  of  a  little  box  with  & 
snicKith  bottom  in  which  Iniown  weights  may  be  placsil,  and 
which  slides  iipuii  s  hurizoulal  surfaou,  ur  itpuus  ttuek  pruvided 
for  the  purpose.  A  cord  attached  to  the  box  fiasses  over  a 
pulley  and  carries  a  scale-pau  at  its  end.    Weigbts  are  pLiccd 
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iijjou  this  scale-pan  until  the  box  is  just  on  the  jwint  of  luoviug. 
The  weight,  inciusire  of  the  weight  of  the  sc-ale-paii,  reqiiireil 
just  to  protliice  motion,  gives  then  the  frictional  reaistfinoe 
which  is  to  be  overcome.  In  this  way  it  is  found  that  friction 
iii  intlc|>ondeiit  of  the  areas  of  the  etirfaces  in  contact,  for  it  '\9 
Meeii  to  Imi  just  as  ^jf^&l  u|K>n  ihe  rail^  of  a  trnek  oa  upon  h 
i^mooth  surface  of  the  Name  material.  It  Xa  found,  furthermore, 
that  frictional  resistance  is  projjortional  to  the  load  (the 
weight  of  the  box  itself  Ijeiug  iiic^Iuded  in  the  h)ail),  or  that 
the  rosifitance  of  friction  is  pro|x)rtioiiaI  to  the  pressure  exertetl 
per]icndicuiarly  to  the  surfaces  of  contact. 

The  fraction  which  expresses  for  any  given  material  the 
|jortjon  of  this  perpendicular  pressure  requireil  to  overcome 
frictitin,  is  called  the  coefleienl  of  friction.  'I'his  wiefficieut  is, 
tttv  cast-iron  upou  cust-iroii,  0"l(i,  or  1(>%;  for  caat-iion  npon 
bronze,  0-15;  for  bronze  upon  bronze,  (J*20.  From  this  it 
ap[)eani  that  friction  is  }^eater  Itelween  the  surfaces  of  like 
tbau  of  mdike  subntanceK. 

The  following  cxiuuple  will  illustrntc  the  maimer  of 
iiicludiu^  foL'tiou  in  the  work  of  niiu^hities.  Let  a  heavy  body 
bo  ]>lacod  upou  the  surlare  of  uii  adjiuttuble  inclined  plane. 
Its  weight  Q,  acting  vertically  downwards,  may  be  resolved 
into  two  components  (21 ).  one  of  which,  (J  am  a,  a('t«  perpen- 
dicularly to  the  surface  of  the  inclined  plane,  whose  inclination 
is  n,  and  the  other,  Q  sin  a,  acts  parallel  to  this  surface.  The 
former  rrpresents  the  pressure  with  which  the  body  is  held 
against  tho  plane,  oqiI  gives  rise  to  a  frictional  resistance, 
which,  if  /  denote  tiie  eoefflcieut  of  friction,  ecjnals  /.  Q  cos  a. 
The  latter  component,  on  the  other  hand,  tends  to  more  the 
body  down  the  plane.  It'  now  thci  iiiL-liuatiou  of  the  plane  be 
increased  continuously  from  zero,  the  body  will  remain  at  rest 
M>  h>ng  UK  friction  u  gre&ter  than  this  sliding  force.  Qsina. 
\\.  a  certain  tingle,  called  the  angle  of  friction,  or  the  anyle  of 
fV]MU,  friction  becomes  equal  to  this  xlidiug  force,  and,  at  this 
instant,  where /Qcos  a  =  Qsino,  the  body  begins  lo  slide 
downward.  From  this  ei|U8tioD  we  tind  /=tftUff.  The 
coelHcient  of  friction  may  therefore  be  determined  by  measuring 
the  angle  of  friction.    The  angular  slo[te  which  loose  materials. 
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fnich  Bs  H4Uid,  ^ravet.  et<;.,  assume  wlteu  thrown  into  a  heaii,  ia 
Uie  flame  as  the  angle  uf  trictioii  of  the  materiuL 

Friction  is  i-alleil  tlidin^,  wheu.  iw  in  tbe  caaes  above* 
roeutioned,  une  Iwily  is  [mdieii  along  upuu  the  other,  so  that 
its  siirfaro  iiregiilaritieH  are  cither  toru  off.  or  lifted  away  from 
those  of  tho  auppDrting  surface.  On  the  other  baud,  fri<:tioii  is 
termed  rolling,  when  a  ronml  body,  e.g.  a  cylinder,  or  a  wheel, 
rolls  oror  its  gnpporting  siirfaco.  Since,  in  this  cose,  the 
elevations  of  the  one  I>ody  drop  into  the  depressions  of  the 
other,  and  are  then  lifttidont  of  these  deprexsinns,  like  the  teeth 
uf  gear-wheol!),  ndling  frictitm  is  much  Icsh  than  sliding.  It  is 
*Iire«'.tly  pnipctrtioual  to  tho  |iTe**ure  and  iDver*oly  projMjrtional 
to  the  radiiia  of  the  cylinder,  or  wheel,  fn  moving  heavy  loads. 
therefore,  a  great  advantage  is  gained  by  <mnvening  sliding 
into  rolling  friction.  This  may  be  done  by  placing  rollers 
under  the  U)ud,  or  by  aupjHtrting  the  load  u^iun  a  frame-work 
jtrovided  with  vvlieels. 

"With  all  macliines.  a  portion  of  their  work  is  consumed  in 
the  dovolopmoni  of  hcot  occasioned  by  the  imaroidablc  frictional 
resistance,  and  in,  therefore,  lost  to  nse.  To  diminish  these 
resistances,  liibricanl.s  are  nsed.  The  hidlow's  of  the  rubbing 
snr&ceti  are  iilh-d  up  by  the  partii'les  of  the  liihrirant.and  thns 
the  degree  of  simjothneM»  is  enliuueod.  In  many  ca.<ies,  on  the 
i-4rntrsry,  friction  is  useful.  The  faMtouing  of  liodies  together 
by  means  of  nails,  screws,  strings,  etc.,  is  made  ]»03sible  by 
Iriotion.  The  transmission  uf  motion  by  moans  of  belts,  tbe 
retardation  of  motion  by  brakes,  and  so  forth,  owe  their 
«fficiency  to  frirtion.  The  foot  wovdd  not  adhere  to  the  ground 
if  it  were  not  tor  friction,  and  the  locomotive  coiUd  not 
proceed  upon  itjt  track,  even  nhen  its  drivers  were  rotated. 
if  friction  were  wanting,  as  is  sometimes  illustrated  when  the 
rails  are  covered  with  ice. 

With  Pnmy's  fription  dynamometor  (1822)  friction  ia  u»e<l 
ti)  measnre  the  work  of  machines.  Two  hollow  wooden  jaws, 
uQO  of  which  carries  a  lever  with  an  attached  scale-pan,  are 
jireasod  together  about  the  shaft  of  an  engine  by  means  of  a 
nut.  Xho  weight  P  is  dotcmuDed,  which,  with  a  definito 
number  of  revolutions,  inuiit  be  applied  at  the  «nd  of  the 
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lever-arm  I,  to  prevent  the  lever  from  being  carried  with  the  shaft 
by  friction  against  the  brakes,  or  jaws.  Pi  is  then  the  moment 
of  rotation  which  holds  the  moment  of  friction  in  eqailibrinm, 
and  wPl  denotes  the  work  per  second,  if  la  designates  the 
ang^olar  velocity  of  the  shaft.    For  »  rotations  per  minate, 

w  =  -»=-.  If  F  is  in  X^i  and  I  ia  m,  the  work  in  kilogram- 
meters  =  27rtiPl :  60,  and  in  horse-power  it  is  obtained  (17)  by 
dividing  this  by  seventy-five. 
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57.  Liquids. — Liquids  »re  cbaracterized  by  the  ease  with 
which  their  particles  move  upon  each  other,  aud  by  havins;  au 
extremely  slight  comprKwibility.  The  very  low  dej^ree  in 
vhich  liquids  exhibit  this  [iroperty  may  be  judged  frozu 
the  circumstance  that  they  wore  long  oontiidored  absolutely 
iooompreasible.  Under  ordinary  eouditious  their  compressi- 
bility is,  indeed,  (to  slight  that  they  may,  without  material 
errur.be  so  treated.  While  liquids  olTer  no  resistance  to  change 
of  form,  the  latter  depending  wholly  upon  the  form  of  the  tcssoI 
contaioing  them,  they,  nevertheless,  resist  a  diminutinn  of 
Tolnme  with  txomendoiia  force.  Water  is  eomprosfied  by  a 
pveemre  of  1  kg.  per  sq.  cm.  by  only  one  fifty-mil  I  ion  ih  of  its 
volume  (7i),  antl  after  the  removal  of  the  pressure  it  returns 
immediatflly  to  its  origitml  Toliime.  The  fnrce  nitli  whirh  the 
compR!s.sL-d  li<|aid  strives  (c>  ex[)an<l  hnhU  the  oxtiTnal  prcsriuru 
in  er|uilibriuaL  Liquitls  are  coniwiiuently  ])orfectly  elastic  in 
respect  of  volume,  but  absolutely  inelastic  in  respect  of  form. 

08.  TranatnisBion  of  PresBare.— By  virtno  of  th«  facility  of 
liquid  particles  to  move  upon  each  other,  liquids  oomporC  them* 
Ives  with  respect  to  exIeniBl  pressure  qnite  (Hflerently  fri«m 
lids.  IfaHotid  be  expased  tonpressure  frnmnlxavedownwarii, 
this  procure  will  be  transmitted  in  this  same  direction  from 
layer  to  layer  to  the  supporting  aurfaco  without  any  appreciable 
lateral  trnn^mt^ion.  Indeed,  forces  both  in  ton»ion  and  coni- 
pressioD  may  be  sLmultaaeously  applied  to  the  body  at  th4>  sides, 
and  each  will  be  tran.-imitted  likeH-ise  in  but  a  single  direction. 
Imagine,  on  the  contrRry,  a  rylindriml  vessel  filled  with  a 
substance  consisting  of  loose,  movable  jiarticles,  e.ff.  with  fine 
shot,  or  with  sand,  and  by  mennf  of  a  piston  fitting  closely 
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Against  the  walls  of  ttio  reggol,  a  prewiure  t4>  be  cxeLled  upon 
the  surface  of  the  tna-ss  of  saniJ,  or  shot.  The  jiartides  against 
which  the  piston  directly  presses  slriTB  tt>  wedge  tliemselTea 
Ixjtnocn  their  neighbours,  and  these  in  tiini  ^rtrivc  in  nil  direc- 
tions to  crowd  theinselve.'^  betveen  those  ^urruimding  tbem, 
siofW  all  possible  direotions  of  <l«nation,  not  only  furvtards,  biit 
also  aidcwige,  and  even  backwards,  are  ofieii  to  them.  The 
liroasui'e  is,  consequent ly,  trani^mittod  throughout  the  mass  in 
nil  directions,  and  is  linally  comiuunieatcil  to  the  walls  of  the 
vessel,  against  which  it  acts  everywhere  periieudiirularly;  for. 
if  a  hole  bo  made  through  the  wall  of  the  vessel,  either  at  the 
Ijottom,  or  in  the  sido,  tlio  maw  will  always  paiu  out  thmugh 
tie  orifice  in  a  (Urection  perpendicular  to  the  wall.  In  conse- 
t|uence  of  the  greater  mobility  of  their  iiartii'tes,  liqiiidn  show 
most  [terfet'tly  this  tmusniissiou  of  presi^iure  iu  all  dii^ctions. 
For  them,  therefore,  this  fundamenial  hydrostatic  law  holds: 
Pressure,  applied  to  a  liguid  t*<  trattsmitied  with  equcd  intfiitsity 
i»  all  direction  throtiglioHt  its  eiUtre  jimm!.  The  pLra^o  "  with 
equal  iutenaity"  siguiHos  that  every  j>article  throughout  the 
cotQin^ssed  liifuid  has,  by  virtue  of  the  pressure  upon  it,  the 
Mame  tendency  to  motion  in  all  direutiong.  The  pressure  to 
which  a  given  area  of  the  wall  of  thi<  voicsel  is  exposed  is  cou- 
sennently  greatur,  th<;  greater  tin-  number  of  liipiid  parliclea 
pres»in<;  agaiiutt  it.  i.e.  the  greater  the  urou  rousidoreti.  This 
*■  hydrostatic  *'  j^essure  acts,  not  alono  upon  the  walls  of  the 
TMSel)  hut  it  is  present  evEirywhere  thnitigbont  the  liquid  mass. 
For  example,  w  tilieet  of  tin.  immerKed  iu  the  liquid,  suHers  from 
both  sides  a  pressnrc  [>ro]>ortiunal  to  the  area  of  ita  surfaces. 
directed  jK-qMindicularly  to  these  surfftMii.  The  prwwure  at  any 
point  of  a  liquid  at  rest  is  meai^ured  by  the  force  acting  ii|)tut 
the  uuit-surfaoe  at  that  point- 

A  Udeful  application  of  the  erjual  transmission  of  prossiiro 
of  water  in  all  direction!;  i»  made  iu  the  hydraulie  press  {hmmHh, 
1795).  It  couflista  (Fig.  oG)  uf  a  Urge  cylinder  (ce)  and  of  a 
smaller  one,  filled  with  water  and  connected  with  the  larger  by 
a  canal  (M).  The  large  cylinder  is  closed  by  the  piston  (pp)f 
while  the  smaller  one  vontainn  tlie  piston  {38)  of  a  pump.  Tho 
pressure    exerted  u]Kin  the  latter  is  trau*iniitted  thnuigh  tho 
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wulcr.  and  tlio  jiiston,  pp,  is  then  jii-esawl  upward  by  a  force 
wbicli  is  to  tlio  pruasiire  exerted  by  a,  aa  the  cross-section  of 
pi^iou.  pp.  is  to  that  of  piston,  s.  The  piston,  p}y,  c&rriee  at  its 
top  A  plate  ('in),  which  presses  the  object  ajj^aiiut  u  rigid  plate 
(e),  borne  by  bea%'y  upright  coliiiuDs.  When  the  piston,  s,  it; 
miKed,  thi'  valve,  d,  closei!,  the  valve,  t,  oi>eii8  and  admits  water 
tn>iu  the  ri'servoir,  Ui,  thniugh 
the  screoii,  r.  When  the  pis- 
ton, s,  is  pressed  downward  in 
the  barrel  of  the  pamp,  tho 
ituter  is  crovrdud  into  tho 
cylinder,  e»-.  The  piston,  9,  is 
moved  by  means  of  a  lever, 
the  hand  grasping  the  longer 
ana.  Suppose  the  hand  cxort 
a  pratsure  of  HQ  kg.,  and  that 
Ihe  longer  arm  uf  the  lever 
is  six  times  the  shorter,  the 
latter  being  uttiu^hud  to  the 
rod  of  the  pist4>n,  s.  The 
{HSton  nill  then  destwnd  with 
a  pressure  of  1$0  kg.  If 
now,  the  lover  surface  of  the  compressing  piston  ie  one 
hnndrerl  timos  h.i  great  as  that  of  the  piston,  s,  it  will  lie 
urged  upward  with  u  fon.«  of  l.H,Oi)0  kg.  lint  the  general 
principle  of  mcchanii'ti  applies  here;  that  what  is  gained  in 
force  is  lofit  in  velocity,  or  that  the  work  of  the  moving  forces 
in  &\\\a\  to  the  nork  of  the  resisting  forces. 

W.  The  Effect  of  Gravity.— We  have  bitherto  consider^ 
only  the  transmission  of  an  extomal  pressure  ii)ton  the  liquid, 
anil  have  left  entirely  out  of  consifleration  th^  effect  of  gravity 
■t[iun  it.  It  is  at  once  clear  that  a  liquid,  contained  in  an  open- 
topjie*!  vesspl,  can  bo  in  equilibrium  only  when  Its  free  surface 
\a  hurizoiilai,  U.  when  the  direction  of  gTaxity  is  everywhere 
perpendicular  to  the  surfa'w ;  since,  with  any  other  form  of  the 
iinrfa'>e,  (bore  would  noccasaiily  occur  a  movement  of  tho 
|karticlea  from  the  more  elevated  part.«  towani  the  le^s  elevuteil, 
nntil  finally  a  horizontal  surface  woukl  result.     It  may  al«o  be 
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easily  verilied  that  with  two  or  more  vessels,  communicating 
with  ecich  othor  by  tubes,  the  siiriiu-e  of  the  liquid  iu  all  of  them 
will  stand  at  the  same  height,  i.«.  all  the  fluid  surfaces  will  lie 
iB  the  same  horizontal  iilane,  whatsoever  ionu  the  vessels  may 
have. 

The  lealer-lev^,  nned  in  determiniug  horironlal  lines,  aud 
consisting  of  a  tin  tube  with  ends  turned  vertically  upnaid  for 
the  reception  of  glass  tubee,  depemU  upon  this  principle.  \Vat«r. 
]H)urod  into  these  t»)iiimuui<>atiTi^'  luhes.  rittes  iu  both  of  them 
tu  the  same  horizoutal  plane,  and  heune  the  line  nf  sight  for  an 
eye  looking  along  the  two  surfaces  i*  necessarily  horizontal. 
For  the  more  accurate  location  of  hurizuulal  Hues  \e.(j.  of  the 
optical  axes  of  telesuo^jeii)  and  planes  the  level  of  ilooke,  1666, 
u  uwd.  It  consists  of  a  glass  cylinder  or  tube,  enclosed  iu  a 
metal  case,  boned  slightly  upward  ut  ilM  middle  pfuut,  uiid  nearly 
filled  with  alcohol,  or  ether.  The  uudllled  [larl  of  the  tulii^  lormti 
an  air  bubble,  which  slnnys  assumes  the  highest  possible  [msitiou 
along  the  tulu;.  If  the  middle  uf  the  tube  be  designated  by  u 
suitable  mark,  and  the  bubble  be  made  to  play  upon  the  mark, 
the  base  of  the  metal  tiu$o  uill  then  lie  horixontally. 

Censiderf  for  erainplo,  the  watering-pot  (I'ig.  57),  filled 
with  water  to  MX.    The  surface  of  the  water  iu  the  sjiout  at  N 

will  be  iu  exactly  the  same  horizontal 
plane  as  is  the  surface  of  the  water 
in  the  pot.  If  water  be  poured 
into  the  pot  uutLl  it  rises  to  the 
level,  PtJ,  then,  since  the  water  below 
Ttia,  now  aa  before,  muiutainti  its 
equilibrium,  the  oblique  cohmin  of 
water.  NN'Q'Q,  in  the  spout  muat 
hold  in  equilibrium  the  culumn,  3IM'i*'P,  in  the  pot,  i.e.  the 
pressure,  which  the  column,  X>'Q'Q,  exerts  uiwn  the  sur- 
fux  NN',  and  which  is  tiansmittcd  by  the  water  underneath 
to  the  surface  WiV,  must  equal  the  preasure,  which  the 
water  atnive  MM'  exerta  downwaid  u[ion  an  area,  nn',  e(|ual 
to  the  area  NN'.  The  pressure  tu  which  the  area  tin'  is  uxitosed 
is  merely  the  weight  of  the  prism  of  water  standing  vertically 
above  it,  and  exteudiug  to  the  plane  PF.     Cumteipiently 
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the  pressure  exerte*]  by  llie  oblique  column,  NQ,  tipou  its 
base  taunt  equal  the  weight  of  a  vertical  robimn  Btondinj;  upon 
tbia  b«8e,  and  extemling  vertically  upuani  to  the  plane  of  the 
snrfaces  of  the  water.  The  pressure  \v]ikrU  the  graTitv  of  a 
liqniil  exerta  upon  e<]iial  soperticial  areas  de|>eiiiLs,  then,  only 
upOD  the  vettjoal  depth  of  the  area  below  the  surface  of  tbe 
water,  and  is  proportional  t<i  this  depth.  Withiti  the  liquid 
mass  all  part»  of  any  given  horizontal  plane  are  stibjo(.-t  to  the 
latne  pressure  ]>er  iinit-siirfiu'e,  and  this  pragaura  iwrea^ef  dmvtt- 
tcard  proportionaUy  to  the  depth.  Such  nurfatTtsi  of  oqnal  pressure 
arc  frccjiiontly  L-allBd  equipotL-ntial  surfaces.  In  veseels  of 
moderate  81!'^  they  Ap|)oar  lu  be  horiKoQtal  plaltotf,  Uiinigh  they 
aie  really  small  |wrtions  of  spherii-al  antfaces  conceatric  with 
the  mrth. 

If  the  lower  part  of  the  U-shaped  glass  tube,  aec,  Kig.  58, 
fx>nt«iiift  a  quantity  of  mercnry,  and  water  i.s  poured  into  one 
leg  of  the  tulx!,  the  morcury  sinks  iu  tliin  and 
isns  in  the  other  lo;;  until  equilibrium  is 
wtablisbod.  1'ho  horizontal  plane,  ac,  drawn 
through  the  surface  separating  the  two  liquida, 
is  thon  a  surface  of  equal  pressure,  benoutb 
which  the  nuTTcury  i»  of  itself,  in  equilibrium, 
and  upon  the  iipjH^r  suritu^uof  which  tbe  ooliimn 
of  water,  cilf,  uQ  the  oue  hand,  and  the  coltuuc 
of  mert'ury,  ed,  uu  the  other,  exert  equal  pres- 
aures  per  suporticial  unit.  It  is  found  that  the 
(X>luQui  of  water  measured  vertically  is  13'6 
times  as  high  as  the  column  of  mercury,  and, 
oonaequently,  tliat  a  given  column  of  mercury 
weigbfl  an  much  as  a  cvlumu  of  water  13'6 
times  as  high.  Volume  for  volume,  therefore,  mercury  in  13*6 
times  as  heavy  as  water.  This  iinniber  is  <<ttll0<l  tbe  tfeeifie 
ipeSffht,  or.  better,  the  fjiecijic  ffravt'ty  of  mercury.  It  is  also 
generally  true  that  two  difl'ercnt  liquitLs  which  do  not  mix, 
will  be  in  equilibrium  in  communifuting  tubes  wben  tbeir 
htighls  above  the  surface  Fiej>aratiug  thorn  are  inversely  as 
their  specific  gravities 

60.  Vertical  Downward  Prewure. — The  pressure  exerted  by 
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II  liquid  ti[ioa  the  horizoiitnl  buttom  nf  a  ressel,  is  in(lt>[>oiiiieat 
of  its  form  and  ecjiial  tn  the  weight  of  a  vertii^  ooluiun  of 
tbu  lt<piid  ntumling  ilireirtl)'  alxtvv  tlie  l>ottom,  and  extendiiif* 
to  itA  surfiw.'ik  In  a  veH»el  oxjtandin^  iijiwani,  the  preseura  uii 
the  bottum  is,  accordingly,  lesa  Ibau  the  weight  of  the  liquid 
it  coutaijis,  while,  with  a  vessel  contracting  iipwaril,  it  is  greater 
than  the  ueight.  This  oooclnsiuu,  diia  to  Stevin,  ]58(>,  w 
stnuigo  at  first  glnnce,  has  received  the  deai^atioii  /ivdroatalie 
ixtradox.  Its  accuracy,  however,  is  easily  proveU  by  tueatiH  «f 
H  balance  (I'^ig'  •~'^^)>  one  of  who^o  8i-ale-[)ans  its  <{Toud(I  smooth, 
and  may  be  made  the  bottom  of  variously  »ha|icd  voNseb,  to 
be  Bupported  in  succession  upoD  a  vertii-al  I'tandaid.     With 
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the  same  depth  of  ivater,  precisely  the  same  weight  must  be 
pUced  in  the  opposite  ncate-jMui,  to  hold  the  liquid  preesiuf; 
against  the  bottom  of  the  vessel  in  equililirium,  for  uU  the 
different  forms.  If,  however,  the  water  were  allowed  to  freexf' 
in  the  vessels,  a  smaller  weight  woiiM  be  needed  tn  hold  the 
liquid  in  the  vessel  taiMiriiig  lipward,  in  equilibrium,  than  in 
any  of  the  other  forms.  This  cxporimental  prijof  was  Urst 
perfiirmed  by  Pascal  in  1653.  Tlip  law  of  downward  proesnre 
eau  also  bo  proved  by  meanH  of  the  U-«hH|>od  tube  «f  Kig.  58  ; 
for  the  surface  of  tin-  mercury  at  a  forma  a  moi-able  bottom 
to  the  tube,  ah,  and,  whatever  form  be  giveu  to  it,  the  mercury 
iMilumn,  cdf  which  bulda  the  pressure  at  a  in  et{iiilibriuni, 
remaiiui  UDchanged  (llaM&t}.  In  acconlauce  with  this  law, 
cQOnaous  pressures  may  be  exerted  by  mean<<  itf  iimall  quantities 
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of  liqiiifl.  Pftscal,  in  1647.  attaclied  a  slender  tul»e,  10  m. 
high,  to  the  up|ier  end  of  a  cask  filled  witli  water,  au<l  then, 
by  merely  fillmfi;  the  tnbe  also  with  water,  he  sucoeedwi  in 
Jturatmn  the  i^m\i.  The  iirea^itire  on  th«  bottom  of  the  cask 
was,  by  tlie  foregoing  |)riiiri[ile,  ec|iial  to  the  weight  of  a 
column  of  water  of  finKs-sei-tion  equal  to  the  area  tif  the  ha-'w 
of  the  caHk,  and  extending  to  the  top  of  the  tube. 

In  the  press,  usal  for  extracting  the  juices  from  Tegetable 
sutstAncos,  Ijy  the  jiresswre  oi  liquids,  this  principle  is 
a<lrantagcou$ly  applied.  The  tinely  pulverized  porticics  of 
the  substance  are  pliu'od  between  two  sieve-lilce  plates,  enclosed 
within  a  large  vessel,  into  whose  eorer  a  long,  slender  tnbe  is 
tixed.  This  tube,  as  also  the  vessel,  is  filled  with  the  liquid 
to  be  tised  in  the  extrtu'^ting  profess.  The  substanci'  is  then 
submitted  to  a  ])rcssnro  c<|iuil  to  that  of  a  column  of  the  liquid 
whose  croiSA-sectioD  equals  that  >if  the  Urge  vessel,  and  whose 
height  equals  the  height  of  the  liijuid  in  the  tube. 

61.  Lateral  PreBSure. — U|ion  every  [Kirtion  of  the  rerlical 
wall  of  a  vi^ssel,  tilled  with  liquid,  a  pressure  ai-t*  jieri^eudicu- 
larly  1o  the  surface,  and.  there-  ^ 

fore,  in  a  horizontal  diroctiou, 
and  with  an  intensity  etjual  to 
the  weight  of  a  culumn  of  the 
liquid,  whose  base  equals  the 
area,  uf  the  surt'a(>e  considered, 
and  whotie  altitudo  equak  its 
deptli  below  the  tturfai'e.  In  the 
drawing  (Fig-  GO),  the  prensure 
at  any  ftoint  fa)  of  the  wall  of 
the  veAiel  may  be  ro^ireaonicd  by 
«  horizontal  line,  a'  a",  of  length  equal  to  the  depth,  aa',  <»f 
lliis  |M>iut  helow  the  surfaee.  l^m  this  construction  it  appeare 
that  the  rectangulai-  wall,  alxd,  of  a  vessel  is  subjeet  to  a 
horizontal  [^tesauie,  juat  as  though  the  veatel  were  placed 
horizontally  andloade'l  with  the  lutdge-shapcd  prism  of  liquid, 
abcdef.  A  per)>endicular  dropi>ed  from  the  centre  of  gravity, 
S,  upon  the  wall  of  the  vessel,  determines  the  point,  M,  at 
which    thU    preasutev  considered    as    the    resultant    of   the 
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iiiniimeralile  tndivMtml  pres-Mires  Brtiiiji;  at  all  the  [)oiDt«  of 
the  siirlW*,  is  applied.  In  the  oxHtnpli-  just  citeil.  this  point, 
called  the  centre  of  pramre,  lies  iiixm  tlio  middle  vertical  lino 
of  tlio  rectangle  and  at  one-tbird  of  tlie  depth  from  the  bass. 

82.  Buoyancy. — The  pressure  of  a  linpiid,  d«v  to  gravity, 
ft*'ti«,  imt  only  ddwiiwards  aitd  wiilewine,  liut  also  upnardK  This 
iipirard  action  is  cftllwl  huoyanci/.  To  prove  ihe  existence  of 
ihis  upward  pressure,  a  large,  open  gloas  tube,  with  its  lower 
end  smoothly  ground,  Bgainat  which  a  plane  metallic  diak  ts 
placed,  is  immersed  in  water,  while  the  disk  is  held  in  place 
by  a  etring  attached  to  it,  anrl  extending  upward  through  t)it> 
tube.  If,  now,  the  end  of  the  liiboj  closed  by  the  disk,  prepode 
during  the  proce^  of  immergioD.  the  disk  will  remain  in  place 
even  though  the  threwl  be  no  longer  held,  because  the  npwanl 
pre.sanro  of  the  water  holds  it  with  considerable  force  againet 
the  end  of  the  tube.  But.  if  water  bo  ixfurod  into  the  tube 
fVom  abore  until  it  has  attaiue<l  nearly  the  tianie  height  within 
ag  without,  the  diuk  will  fall  olV.  WcaUHi)  the  doivnward  pressure 
of  the  water  in  the  tube,  plus  the  weight  of  the  disk,  then 
exce<Hln  the  npwurd  presA'nrc  of  the  water. 

63.  Law  of  Arctuniedoa. —  If  a  right  cylimler  with  horixontel 
ends  (iVRCD,  Fig.  4>l)  be  imtnersed  in  a  liijnid,  every  particle 
of  its  surfaces  i^  exposed  ta  a  pressure  de- 
[tending  upon  its  depth  below  the  surface.  The 
horizontal  prcssiu'os  against  the  lateral  surfaeeSr 
being  espial  and  opposite,  mutually  destroy 
wich  other,  lint  the  pressure  acting  upwar<ls 
against  the  lower  end,  exceeds  the  downward 

"^^of  ^jSS^*'''^'"  P"^**^""*  against  the  np|«r  end,  the  former 
being  equal  to  the  weight  of  the  liquid  column 
tAIiEF),  aod  the  latter  to  that  of  the  column  (CDEF). 
There  remains,  therefore,  a  pressure  directed  upward,  etjnal  to 
the  excesH  of  the  former  weight  al>ove  the  latter,  or,  what  is  the 
auue  thing,  tiiual  to  the  weight  of  a  column  (AlK'D)  of  the 
liquid  occupying  the  Mune  space  as  the  submerged  IkkIv- 
Thu  prewnra,  directed  upwards,  acts  against  the  weight  of  the 
body,  and  reduces  this  weight  eorrespondinglv-  Wo  are  tbuH 
led  to  the  principle  of  Archimedes,  viz.  n  body  iinmened  m  a 


E     F 


LIQUTDS, 


119 


M 


Pio.  (12.— HydrMUtic  lUUnoe. 


iijuid,  losee,  by  virtue  of  iJte  jiressurt  of  the  mrroundmff  j>artiV/«, 
a  w«$iA(  eqaai  to  that  of  ih»  liquid  diajilaced  by  it.  Tf>  oonfinn 
this  proposition  ©xperimentttUy,  the  hydrotlaiia  haUatoa  (Fig. 
«2)  may  bo  useil.  One  scnle-pan  of  this  bolaiico  euries  below 
it  a  light  hook,  and  tbi-t  pun  in  also  Biispenilc'l  <!loRe  \n  th» 
beam,  so  that  vesttelx  i»iiitiiiiiing  rarions  liqitidn  mnv  be  pliice<l 
beneath  it.  Let  a  cytitidcr  i>f  metal  be  xuHpeniloil  to  the  liuuk 
by  meftofl  of  a  slender  eorfl,  ami  a  hullow  cytiiider,  whijsc 
Tolome  exactly  equals  that  of 
the  metal  cylinder,  be  plaoed 
upon  the  scale-pan,  acnl  let  t)ie 
beam  then  be  balanced  by  plac- 
ing ireights  upon  tbe  (>p|to»iitL- 
scale-pan.  If,  now,  the  cylindtr 
]»e  immersed  in  the  water  coil< 
tained  in  tlie  veai^l  below,  its 
vi-eigfat  diminisheti  and  tbe 
(thorter  scale-pan  tim%.  Krjuili- 
brium  U,  however,  completely 
reBtoitnl  if  the  hollow  cylinder  upon  the  scale-pan  be  filled 
with  water.  It  is,  tboreforo,  appuent  that  the  loss  uf  weight 
of  the  immersed  IxKly  is  eiactly  equal  to  the  weight  of  an 
oqnal  volnmo  or  the  liqnid. 

Let  a  vessel  lilled  « ith  nnter  l>e  nuw  placed  upon  the  pan 
«f  an  ordinary  balaui*e,  and  tbe  empty  hollow  cylinder,  together 
with  weights  Hutlieiont  b)  produce  vijuilibrium,  be  placed  npon 
t-ho  oth<.r  pan.  Furthermore,  let  a  solid  cylinder,  suspended 
from  a  tixod  standanl,  be  tmnieraed  iu  tbe  water  contained 
in  tho  vessel.  Although  the  weight  of  ihe  latter  »?yliniler  v» 
entirely  Bupported  by  the  slandanl,  tbe  wale-pau  on  ihu  side, 
iieTertheless,  sinka.  E(|uilibniim  will,  however,  be  again 
nstored,  if  the  hollow  cylinder  on  the  other  side  be  filled 
irith  water. 

Ml  then,  a  body  is  immorsod  in  a  liquid,  the  latter 
i4qw»ntly  incrcasc-s  in  weight  by  an  amount  equal  to  th« 
wnght  of  tho  displaced  liquid  (mmver^  of  tho  principle  of 
Aichimedas).  The  water  rises  in  the  Tessel  Just  as  high  as 
would  have  been  the  case  if,  before  immersing  tbe  body. 


a  volume  of  water  equal  to  that  of  tbo  body  hft'l  I)een  poured 
iDto  the  vosmL  The  boJy  opposes  to  the  pressiire  of  the  Ui|ni<l 
from  all  sides,  ao  equaJ  counter  pressure,  tlierebj  acUng  as  iin 
ecioally  large  mass  of  water. 

Archimeles'  priuciple  is  applicable  not  only  to  cylilnlCM 
and  prisms,  but  also  to  bodies  of  any  form  what«rer;  for  auy  b'xly 
luay  b«  conceived  as  subdivided  into  slender  vertical  prisma, 
for  each  of  which  the  principle  holds  goctd,  and  hence  it  must 
be  true  for  the  entire  sum.  Its  validity  may  !«  shown  more 
generally  from  the  following  considerations.  If  a  body  uf 
weight,  P,  sink  in  a  li«imd  to  the  de]»th.  h,  an  equal  volume 
of  liquid  wf  weight,  Q.  is  at  the  same  time  raised  through  the 
same  distance  as  that  through  which  P  sinks.  Consequently, 
the  wvrk,  Vh.  of  the  freely  foiling  body  is  diminished  by  the 
work,  Q/j,  performed  in  raitiiug  tj.  The  t4ital  wurk  [lerformeil 
is,  therefore,  the  same  as  tlmt  jterTurmed  by  the  weight,  P  —  Q. 
lulliug  ffeyly  thnm^li  the  distant-e  h. 

64.  Determinatioa  of  Volume — 8pecifi.c  Gravity— Density. — 
If  a  body  be  ausjicnded  by  means  uf  a  slender  wire,  or  hair,  to 
one  of  tLe  pens  of  a  hydrostatic  balance,  the  known  wcighi 
which,  pltu'O'l  upon  the  other  pan,  pro'inces  e<^iiitibrium.  gives 
directly  the  weight  of  the  body  in  grammes. 

Let  the  boily  be  now  immersed  in  water,  and,  by  the  addition 
of  weightfi  tt>  the  scale-pan,  let  e(|nilibriuin  be  established. 
The  added  weights  will  indicate  the  body's  loss  of  weight*  >,«. 
the  weight  of  a  vulume  of  water  o()ual  to  that  of  the  body. 
Since  a  cubic  eeotimoter  of  crater  weighs  one  gram,  thcrt-  will 
be  as  many  cubic  centimeters  in  the  volume  of  the  water  di»- 
plai;ed  niid  also  in  that  of  the  immersed  bo<ly.  as  there  Br« 
grams  in  tbe  toss  of  weight  (barring  a  ^mall  correction  due  tn 
the  temperature  of  the  water).  In  this  M-ay  the  volume  of  any 
body,  no  matter  how  irregular,  may  bo  accurately  found.  Ity 
the  same  method,  the  s^ecijie  gmvittj  of  bodio'S,  i.e.  tbo  ratio 
of  their  weight  to  the  weight  (^  an  equal  volume  of  water,  or 
the  number  which  taaprmmi  Junt  many  times  a  body  is  heavier  than 
an  equal  voiume  of  water  cU  4"  C,  niny  al.so  be  readily  obtained. 
It  is  only  necessary  to  divide  the  weight  of  the  body,  which  is 
indicated  by  the  known  weight  lying  in  the  lover  scale-pau. 
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by  tbe  loss  of  weight  in  nuter  tw   iiidicaled  by  the  weights 
lilaoed  uplin  the  other  [itui. 

Thti  spe(Hlic  gravity  nf  liquids  may  also  he  ea^y  foimd 
by  iDCOiiH  (if  tliu  liydnistHti'-  balauoo.  For  this  purpose,  a 
body  of  any  couioineiit  form,  e.g.  a  pieoe  of  glaes,  is  sus- 
pended At  one  end  of  the  beam  nnd  balanced  by  weights 
placed  ill  u  8L'ale-pau  at  ttie  other  end.  The  ludfi  of  weight 
of  tbis  body  \»  then  iletermined,  tinit  iu  tbe  liquid  to  be 
JDTfMtigated  aiid  then  in  water.  The  former  loss  divided  by 
the  latter,  ^ires  tbe  desired  specific  gmvily.  Tbe  lottt  of 
weight  which  bodies  euil'er  in  diRorcut  Ii<)uidii  is,  ubriuusly, 
proportional  to  their  specitic  pravities.  Mohr's  balance  (Fig. 
*XA)  de{)eiid8  upon  thiH  principle.  A  small  gloss  sinker,  A,  !.■) 
suspended  by  a  fine  pktimim  thread  to  one  arm  of  a  scale- 
heam,  and  is  partially  fltletl  with 
merciirj-  ami  hermeliiutlly  sealeil, 
w  it  may  be  merely  a  glaaa  tiibe 
ox>ntuining  a  small  tberniometer. 
the  Wlance  being  held  iu  o<|uili- 
brium  by  tbe  &cale-pan,  J3.  The 
weighuoonsiiiituf  bent  brass  wires, 
P.  each  of  two  <»f'  which  weigha 
an  amount  e()iial  to  the  lii»4  uf 
weight  of  tbe  sinker  in  water.  .V  third  weigtu  OlP,  and  a  fourth. 
0-OlP.  The  ami  of  thn  Iwam  to  nhii:lt  tliu  sinker  is  nuspeaded 
is  graduatctl  into  ten  oqnat  lurtD.  To  determine  tbe  specific 
j^vity  of  n  lif|uid,  tbe  sinker  is  immersed  in  a  portiuu  of  it, 
contained  in  the  vessel  CC.  If  the  liquid  i.s  sulphurie  acid, 
for  example,  to  establish  equiiibriuni,  one  of  the  weights,  P. 
must  be  plncetl  at  the  end.  A,  of  the  beam,  the  olhct  weight,  P. 
at  t<,  the  weight  OlP  at  4,  and  the  weight  O'OIP  ahsu  at  8. 
Accordingly,  tbe  sjK-eilit;  gravity  uf  ttulphuric  acid  is  fouud  tu 
be  I'S48.  Jolly's  sj)ring  bulaoce  (Fig.  o2)  may  also  be  cou- 
roniently  nsod  to  dotemune  the  spcoifit^  gravity  ot  small 
bixlies.  It  is  only  ne*^'es«ary  to  suspwnd  beiieatli  the  ciwt*»mary 
«L-ale*paii,  a  second  one  in  xucb  way,  that  it  may  be  immersed 
iu  a  voHsel  of  water.  If  u  body  be  placed  upon  the  upper 
acaJc-pun,  the  coiled  sjn-ing  will  be  stretched  proportionally  to 
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the  weight  of  the  body.  If  now,  th<?  body  be  placed  upon  the 
lower  pau,  the  spring  toIU  then  coutract  hy  nn  Hmimnt  priv 
portinnftl  to  the  bodj-'s  loss  of  weight  in  water.  The  elongation 
divided  by  the  latter  contraction  furnishes  tlie  desired  specific 
gravity.  To  find  the  specific  gravity  of  Hqnids,  a  glass  sinker 
Ukm  the  place  of  the  second  tjc&le-pan.  The  contraction  of 
the  spring  on  the  immersion  of  the  sinker  in  various  li(|iiid>i  is 
proportional  to  their  specific  gravity. 

The  si)ecific  gravity  of  solids  ami  liquids  may  also  be 
accurately  determined,  without  the  use  of  Arcbimodes'  principle. 
by  means  of  the  pyhtwmeUr.  Tbis  is  a  miihII  glass  flask  (Fig. 
64),  containing  from  8  to  20  cubic  cm.,  proTi(le<l  with  a  ground 
gloss  stopper,  made  from  a  pi^ce  of  tbermumeter 
tube,  so  that  if  the  liquid  should  liecnme  heated. 
a  portion  may  puss  out  witliout  loosening  the 
stopper,  or  damaging  the  fiask.  The  flask  is 
firflt  filled  with  the  lifpiid,  wIiosr  aiiecific  gravity 
w  souglit  and  weighed  ;  then  tilled  with  water 
anil  weighed.  The  8]»ecific  gravity  is  obtained 
by  dividing  the  former  weight  by  the  latter. 
To  determine  the  specific  gravity  of  Hotidct,  the 
flask  is  first  fiUeil  with  water  and  Heighod ;  then  u  small 
particle  of  the  body  is  placed  upon  the  some  scalo-pan  with 
the  lluak,  and,  equiUtinum  bebig  establisheil,  the  weight  of  the 
particle  id  obtained.  Xlie  particle  is  now  dropped  inside  tko 
llosk  and  the  displaced  water  is  allowed  to  flow  out.  After 
drying  the  flask  carefully  ami  weighing  it  again,  tlio  weight  of 
a  volume  of  water  equal  to  that  of  the  iiarticle  is  obtained. 

The  following  table  contains  the  spouillc  grttvilies  of  some 
of  the  muiit  familiar  solids  and  liquids — 
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Iridioia 

FUlIntim  (roIlc<l) 

Gold  (lianiiiiereu) 

Lcftd  {cost)  ... 

^hrer(oa>t}... 

Ccq^rCotat) 

Bras* 

Iron  fwron^t) 

Iron  (cMi)  ... 
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Itock  Ctjwul 

..,       2-6H 

Onfc  (fiMrt  of) 

Alamtniam  ... 

.-■ 

...       *«7 

Ainlxir 

Bottie  Glut 

..- 

...       2-64 

W«x-«at.(IIe  (white) 

Mirror  Glass 

... 

...       2  45 

Sodinm 

Potvel&in     ... 

•  ■P 

...       240 

Ico 

UniMim  {crysUllisAdl 

...      2-31 

P«Uffiinm    ... 

Snlphor  {Mtoiftl} 

■  l> 

...      i-03 

Bocch-w(io<l            , 

Ivory        -  ... 

••• 

...    ma 

liiti<l«n-woO'<l          , 

Plioqdionis ... 

Pt* 

„.      H7 

Uthinm 

Haj^ncRiuni  ... 

«■• 

...      l-T-t 

I'oplur-wiMjil 

Boxwood 

>>i 

...       1-33 

Cork 

Kbwy 

... 

...       1-23 

B.  LiiiCiiM). 

Mcicaiy 

...     I3-59(; 

Sen  WaliT   ... 

Snhiliuric  Acid  (cou.; 

1«4 

Linwml  nil  ... 

Nitric  Aei<I  ... 

... 

...       1-54 

olive  («r      ... 

diloiofbrai  ... 

... 

...       l-4« 

I'<ilroI<;iiiii 

Carbon  Dunilphiflc 

... 

...        1-27 

Oil  of  Tiir|K!iHitie    . 

Qlyoerine     ... 

... 

l-2(i 

[U-iiiol 

Hydrocbtorio  Acid 
lililk 

«*« 

1-21 
...        1-ll.S 

Alcohol 
Klher 

1-17 
I-OH 
0-97 

0«2 

0-87 
OgO 
O-GO 
D-W 
0-38 


102 
045 

0-87 
0-87 
0-79 
0-7+ 


The  moftn  of  a  unit  oF  volume  of  a  iKxly  is  culletl  \\»  dentittj. 
In  tbo  aJisolj^e  system  of  iinite,  whrro  the  moffi  of  a  cubic 
centimeter  of  water  is  taken  &a  tlie  maat-vnii,  tho  above 
numbonj  hUm  ilt^tiote  tbu  densilitw.  I'or  tho  terreririal  systoni 
of  nnits,  however,  these  numbers  must  be  divided  by  j^  s  9Sl, 
to  obtain  the  densities. 

SjKcifie  roiume  is  the  rolutae  of  a  unit  of  masa,  anil  is 
ucconlin^ly  the  reciprocal  of  tlie  density. 

6d.  FlotatioiL — A  snbnierge<l  IkhIt,  whose  weight  is  exactly 
equal  to  that  of  the  displaced  li([uid,  Imen  Ha  entire  weight 
and  lloals,  therefore,  in  the  Ufiuid,  with  no  tendency  either  to 
nnk  or  rise.  If  iU  weight  be  n;reater  tlian  that  of 
the  displaced  liijaid.  it  nill  sink;  if  smaller,  it 
will  rise  and  float  upon  the  surface  with  only 
sQch  a  portion  of  ite  mass  submerj^ed  as  will  dii?- 
plaM  a  volume  of  the  liquid  whoso  weight  etpiala 
that    of   the   t)ody.     This    pnijuMirioo    may    lie 


proTod  with  the  ai<l    of  tht>  vessel  of   Fig.  fi.').  ^-^^'JiiJiL 

When    the   vessel    is    filled    with    water    to  the 

month  of  the  little  tnbe.  inserte^l  in  its  side  and  a  floating 
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Iwdy  is  placed  rarefull  j-  upon  the  surface  of  the  water,  a  iwrtioii 
of  the  \vftt«r  will  be  led  off  through  the  tube  aad  may  be 
oanght  in  a  beaker  plat'oil  bonoath  its  otiter  end.  If,  now,  the 
beaker  with  the  water  oontaincd  in  it  bo  jdiicGcl  iipnii  oiio  scale- 
{laii  of  a  Imlauee  and  the  floating  Ifody  be  thorDUgldy  drietl 
and  plB<:ed  m  tho  other,  the  weight  of  the  beaker  itself  having 
IfOCQ  previously  balanced. equilibrium  \>-ill  then  be  eetablished; 
oonaeqiiently,  tlie  fli»atiug  body  is  jiiet  &a  lieavy  as  the  water 
displaced  by  its  submerf^d  i>ortiou. 

The  jwiut  of  applicalion  uf  the  weight  of  the  body  ia  the 
centre  of  gravity,  S  (Fig.  GC),  while  the  buoyant  effoci  of  th« 

liquid  BCtx  at  tbb  centre  of 
gravity,  A,  of  the  mass  dis- 
-  placed.  These  two  oppositely 
e<|ualforo«s  destroy  each  other, 
and  the  bwly  floats  in  etjiiiii- 
brinm,  provided  these  twii 
pointii  lie  tn  the  same  vertical  line.  If,  then,  the  body  be  drawn 
out  of  this  [wsition  of  equilibrium,  these  fun^o.'*  fonn  a  couple, 
which  lends  tti  turn  tlic  body  about  its  own  centre  of  gravity,  as 
shown  iu  cruSH-MOction  in  Fijj.  (!(].  The  centre  of  gravity  of  the 
displaced  water  is,  for  e-iomple,  shifted  sidewiso  iato  tho  n&« 
position  .V.  If  the  verti^-al  lino  through  A'  iutorsocta  the 
pentral  line  at  a  point  M  ubovo  tho  centre  of  gravity  S,  it  is 
apparent  that  the  couple  tends  to  rotate  the  body  liaok  into  its 
fcirmcr  pnmtinn.  The  body  is  then  .said  tu  float  in  stujiie  ofpii- 
libriiun.  liut  if  lA  lies  below  8,  tbc  body  will  bo  overturned 
by  the  couple  and  will  assume  a  new  position  of  equilibrium. 
The  ]}oiut  of  intcrecetion,  M.  of  the  direction  of  buoyimey,  with 
this  mwiial  line,  is  culled  tho  raetaeentre.  The  equilibrium  of 
a  f1<jatin»  body  ia  »tdiU  when  its  centre  of  gravity  is  hehw  the 
metacenlre,  instable  when  the  centre  of  gravity  is  at/ove  the 
inota<^%Dtre.  and  nhen,  aa  with  a  homogeneous  6phi;ro,  those 
two  points  coineide  the  oquilibriiuu  is  netUr^^, 

68.  Hydrometers.  —  Floatinf?  bodies  iiaod  to  dotermino 
specific  gravity,  arn  called  hydrometers.  Those  instnimonts  are 
of  two  kinds ~-thow  nf  eotutant  u-nglit  and  those  of  constant 
volttme.    That  shon-n  in  Fig.  C7  belongs  to  the  first  class.     It 
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comists  of  a  tylindrical  glass  biUb  tajwring  downwoTd  and  tcr- 
mtnating  h&lon  in  a  9mall  globe  filled  with  mercury,  or  other 
heavy  substance,  aud  continuiiifr  upward  in  a  rylin- 
drical  stem  (*).  T!io  imlrumeut  is  theii  immersed  in 
water,  and  tlie  puiut  tm  the  stem  to  which  it  sinks 
is  luimbered  iOO.  The  stem  is  so  gradnated  that 
the  Yohime  included  between  two  coaaocutive  di- 
visions, equals  0*01  of  the  volume  of  water  it  dis- 
[dai-^H.  If.  iH>w.  the  iustrumeitl,  when  immorsod  in 
liijuid  whoiie  S[)ei!ifiu  ^rravity  is  nau1«d,  sinks  only 
to  the  eightit^th  giadimtion.  we  know,  theu,  that 
eighty  parts  by  volnme  of  this  lii]nid  weigh  the 
sanie  as  100  parts  of  water,  t'.d,  as  much  as  the 
entire  hydrometer,  and,  cotuequeutly,  that  the  liquid 
is  heavier  than  an  equal  vohimo  of  water  luthe  ratio 
of  100 :  SO.  The  specilic  gravity  of  the  uuknowu 
liquid  is,  therefore,  inversely  proportional  to  the  mib-  p,^_  g7,_ 
me^ed  volume,  and  is  found  by  dividing  the  uiunlwr  o™*!!****! 
100  by  the  numlwr  read  from  tho  gtaduated  m-alc. 
lu  the  above  example,  the  specifiu  gravity  =  100  :  80  c  1-25. 
If,  then,  iu  a  liqniil  which  is  spct-ifically  lighter  than  water, 
the  instrument  Ktnks  to  the  grndiiatiun  mark  110,  itti  sjiecifio 
^^rity  would  be  tOO  :  1 10  =  0-909.  To  obviate  the  necessity 
of  making  the  scale  in(K>nv4-niently  hmg,  it  is  preferable  to  have 
two  hydpjmeters,  one  for  li(im<ls  hciivitrr  than  water  with  the 
graduation  mark  100  (*.<'.  thu  water- {loiut},  at  the  upper  end  of 
the  stem,  and  one  for  lighter  liquids  with  the  water-point  at 
the  loner  end  of  the  stem.  InHtruments  of  the  luim  just 
described  may  be  calleil  volumoai^ters.  lint  the  scale  may  also 
be  so  graduated  as  iv  indicate  specilir  gravities  immediately. 
Such  forms  of  the  instrument  are  i-*lleii  deruimeiers.  Their 
uuuseouiive  gnuliuitions  are  unequally  distant,  those  toward 
the  lover  end  of  the  scalo  drauing  closer  and  closer  together 
onntinuousiy.  lu  comraoreo,  not  only  is  the  specific  gravity 
of  a  litpiid  [)e«iredf  but  also  the  jierceutage  of  ita  various  cou- 
stitnenta,  which  determine  its  commercial  value.  Commercial 
alcohol  id  a  mixture  of  alcohol  and  water,  and  Us  value  depends 
npon  the  ]>crocutage  of  the  former  coustitueut.    For  testing 


126 


EXPEUlilESTAL  PB78W8. 


the  mixture,  sjieL-ial  ftirma  of  instrumentB  provided  with  scales 
indicatiug  the  jierceutap^e  of  alcohol  directly  are  in  iirs  and  are 
called  atcoholomtiers.  ^'wioiis  forms  of  tliuso  percentage  htfdro- 
metera  are  known,  ujid  the  immes  atkuUmiicr,  lacloincUr;  aaU- 
metar,  etc.,  are  applied  to  tbem.  Each  of  these  in^tiumonts 
fan  be  wseii,  of  course,  unly  with  the  lifjuid  it  is  specially 
desiguetl  to  test.  It^fKiiles  thene  forms  of  the  instrument  there 
are  others  with  arhitmry  Mrnle.<4,  whose  ^jradiiatioas  are  called 
"degrees."  'I'u  this  class  helong  tho  iiLstnimcuts  of  lieaiime. 
Keck,  ('artier,  and  others,  which  give  dirccti}'  neithor  the 
epeciiic  ^Tarity,  nor  the  percentage  of  any  constituent  of  the 
liquid.  To  determine  the  s[«dtic  gravity  of  a  liquid  with 
their  aid,  a  tablo  must  bo  u^jed,  though  notwithstanding  this 
fact,  the  latter  forms  of  the  instrument  are  more  widely 
used  than  any  other.  Kince  the  specilic  gravity  of  a  liquid 
cbanges  with  the  temjieratiire,  and,  consequently,  the  data 
fiirniBhed  by  these  instruments  are  correct  only  for  the  tem- 
poratare  at  which  they  were  graduated,  which  must  always  be 
given  with  the  instrument.  To  obtain  the  temperature  of  the 
liquid  investigatal,  to  lie  used  to  (torrei-t  the  data  uf  the  hydro- 
meter, a  thermometer  in  often  permaueutly  attached  in  such  way 
that  its  biilL  is  at  the  wunc  time  the  bulb  of  the  hydrometer. 

Let  UB  now  consider  the  secontl  cla*!  of  hydrometers.  These 
carry  no  scales,  but  are  comj»elleti  by  weights  placed  on  a 
scale-pan  to  sink  always  to  the  same  mark.  They  displace, 
therefore,  always  the  same  volume  of  liquid.  The  Fahrtnheit 
ktfdrometer  is  made  of  glas-s,  weighted  with  mercury,  and  lian 
in  place  iif  the  graduated  scale,  a  slender  neck  provided  with 
a  mark,  which  carries  nt  its  top  a  scale-pan  for  the  reception 
of  weiglib;.  To  sink  the  ioHtrument  iu  water  to  this  mark, 
a  certain  weight  must  be  placed  upon  the  pan,  and  tliis  weight, 
together  with  that  of  the  entire  instrument,  gives  the  n-eight 
of  the  displaced  water.  To  sink  the  instrument  to  the  same 
mark  iu  another  liquid,  diQereut  weights  must  be  put  u{)on  the 
pail,  which,  added  to  that  uf  the  instrument,  givea  the  weight 
of  ail  equal  volume  of  this  tli^uid.  [t«  specifie  gravity  its  then 
found  by  dividiitg  the  latter  weight  by  the  former.  The 
Nu^tchoa  hydrometer  (7ig.  U8)  seri'es  to  determine  the  s^iecific 
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gravity  of  solids.  It  coneista  of  ft  hollow  cylinder,  a,  of  brass, 
ternuiUktiDg  both  sbove  and  below  in  conical  surfaras,  the 
lower  one  cavryiTig  at  its  vertex  r  pBii,  b,  and  the 
upper  one  terniiiiating  in  a  slender  stem  also  sup- 
porting a  scalo-paii,  d.  The  stem  ia  proTidod  Vi'ith 
n  Boni  mark,  a.  To  cause  the  iiistniEDent  to  sink 
to  this  mark  in  water,  weights  are  plaved  upon 
tbo  Boale-pan,  d.  The  body  whom  specido  gravity 
is  to  be  JHtermiued,  and  nhich  munt  le  lighter 
than  the  ncight  required  tu  aiuk  the  iustruiuent 
t<o  the  itero  point,  is  placed  upon  the  pan,  d,  and 
enough  additional  Heights  arc  then  added  to  bring 
thii  z«ru  point  ugaiu  to  the  .surface.  By  sub- 
tracting theee  additional  weights  from  the  weights 
first  Msed,  th«  weight  of  the  body  \s  obtained. 
The  l>ody  w  now  plated  in  the  st-ale-paii  b,  under 
water,  whereupon  by  Archimedes'  jirinciple,  it  will  lose  in 
u'(>ight  an  amount  e<{iial  to  the  weight  of  the  wat«r  it  displaces. 
The  weights,  wUifh  uiuat  now  be  jmt  upm  the  scale-pan,  d,  to 
depress  the  instrument  to  the  zero  point,  give  the  weight  of 
an  equal  volume  of  wat^r.  and  the  former  weight  needs  only  to 
be  divide-d  by  this  bitter  to  give  the  specific  gravity. 

67-  ESux  of  Liquids  through  Orifices.~lf  an  aperture  be 
niiide  in  the  bottom,  or  in  the  !>ide,  of  a  vessel  tilled  with  liquid, 
the  action  of  gravity  ujwjn  the  liquid  furres  it  tbrough  the 
aperture.  If  the  surface  of  the  liquid  is  kept  constantly  at 
the  some  height,  ft,  and  the  vfllu.t  has  become  uniform,  the 
niHsa  of  the  liquid,  »i,  flowing  from  the  orifice,  end  whioh  was 
formerly  u]h>u  the  Hurface,  has  fallen  through  the  distanee  h 
before  jia.«iing  out,  and  the  work  mgh  (mg  lieing  the  weight  of 
the  liquid)  has  been  jwrformetl  by  gravity.  If  the  vessel  is 
very  large  in  (wmparittou  with  the  orifice,  the  velocities  of  the 
liquid  particles  in  the  vessel  are  very  small  in  comparison 
with  the  veluL'ity,  v,  in  the  orifice,  and  the  above  work,  fli<^, 
neglecting  friction,  i&  wholly  consumed  in  imparting  to  the 
lii|uid  ma^^  ni,  it«  energy  =  ^it;>.    Consequently, 

^itiv*  =  myht   or  f*  =  '2gh,   or  v  =  •<'2gh. 
The  velocity  of  efflux  is,  therefore,  equal  to  the  velocity  of 


128 


ES.PtBiMI-:STAL  PIIYSIC8. 


a  botly  falling  freely  from  the  Burface  of  the  liquid  tn  the 
orififfe.  Thin  [JtopuiiitiuQ,  Gnit  enunciated  by  Torrit'elli  iti 
Ifi-H,  ahtms  that  the  velocity  uf  oflliix  is  ilepenileiit  «mly 
tiptin  the  ht-ight  of  the  ^urfuce  uf  the  liquid  above  tho  nriticc-, 
being  ]>roportional  to  the  equate  root  of  this  height.  It  is 
indepomlent  of  the  cuustitutinn  of  the  liqiiid,  m  that  through 
oritioes  At  equal  distaiiccs  belon-  the  mirfaoc,  alc-ohnl,  water, 
mercury,  etc.,  will  ilow  out  with  the  sanie  velr^-ities.  These 
conclusions  ere  confirmoil  Ly  oxporionc'C, 

If  a  jet  of  li(|uiil  Ifu  made  to  How  ihniugh  a  tube  BxeJ 
in  an  orifice  and  l)ent  upward  at  \%a  outer  end,  ai!4;nrding  to 
TorriceUi'3  principle  the  jot  should  rise  to  tho  height  from 
which  the  liquid  fell.  It  atilimlly  attains  only  about  nine- 
tenths  of  this  altitude,  sinci-  the  friotioii  of  tho  tub©  walls, 
atuiospberic  resistance,  mid  the  falling  drops  of  the  lifinid. 
greatly  reduce  the  velocity. 

The  quantity  of  e^wx  per  second  Itt  expressed  in  cubic 
centimeters,  by  diriding  tho  croas-scction  of  the  aperture  in 
s*|.  cm.  by  the  velocity  in  cm.,  eomputod  from  the  depth  of  the 
oritic-e  Iwlow  the  eurfaco  (called  the  head),  according  to  the 
nliove  law.  The  actual  quantity  of  efflux,  since  tho  jet  does 
not  havn  the  aame  cross-aectioii  as  that  of  the  orifice,  cqiiaU 
onlv  about  two-thirds  (more  exactly,  132  per  rent.)  of  the  com- 
puted  quantity.  In  cousequcnco  of  the  pressure  of  the  aiir- 
roumling  [larticlea  of  the  liquid  as  they  flow  toward  the 
oritioe.  the  prism  of  water  Mowing  out  is  contrac^ted,  until  it«i 
cross-etectiun  U  only  about  two-thinlB  of  that  of  the  orltice. 
This  nontracteil  portion  of  the  eacjiping 
jet  of  li<|uid  ID  kuonii  as  the  vena  oon- 
tracta. 

68-  Effloz  tbrOQgh  Tabcc— Torri* 
celli's  principle  hohb  only  for  ajiertures 
in  thin  walls,  whoso  edges  oppose  no 
appreciable  resistance  lo  the  escaping 
jet.  If,  however,  the  liquid  !«  compelled 
to  6ow  throngb  a  horizontal  tube  (Fig. 
i)9)couin)umcatiDg  with  u  vessel  at  its  bottom,  after  the  flow  ha« 
heoome  uniform  the  prosaure  of  tho  liquid  on  the  walls  of  the 
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tnbo  will  be  found  to  decreascA  ^nuliially  from  its  \Mxni  of 
oonnection  with  the  vessel,  a,  to  its  inimth,  o.  This  in  sKown 
by  the  hei^'hta  tcj  whicK  the  liipiid  will  r'lm  in  the  nejiarate 
vertical  tubes  platx-d  at  ei|iml  di^lniKri-s  bloiip  a  horizontal  lube 
aiid  comuuiii(;atiiig  with  it.  Tim  titp^  of  the  lifjuid  I'ulumns 
lie  in  the  straij^ht  line,  oh,  so  that  for  eijiially  Ion;;  portion.^  of 
llie  horizoiitAl  tube,  c<\\\&\  differenrGS  of  pressure  occur.  Those 
difibreDL'es  of  pretsHiire  would  fumiRh  the  work  of  free  fall, 
needed  tonvereomo  the  frletional  resiiitautfe  iu  wtuheouseculive 
segment  of  the  tube.  Conswjuently.  the  work  of  fret*  fall 
through  the  distance),  ab  {reattanev-  hextd),  m  uhtdly  cxiDsuuied 
ill  overc4)tuing  the  i'ricltoiial  reeisLance  through  tlie  entire  tulie, 
BO  that  only  the  work  due  Ui  the  height,  he  (called  vtlociltf 
Itead),  remains  to  prodtK'e  the  enerfiy  of  the  eHmping  tiifiiid. 

69.  Heaollon  of  the  Jet.—  If  water  be  fuufiueii  in  a  vessel, 
and  an  ajMMtun^  b<;  mudo  iu  one  of  the  sides,  tbe  jiressiire  is 
remurcd  at  this  |Kiiiit  from  the  portion  of  the  surface  of  the 
wall   tM|Uul    U»  th«  i:rot«<-sectioD  of 
the  orifice ;    but  on   the  opposite  j 

ei«l«  it  remains  in  full  iorce.  There 
remaiDs.  therefore,  upon  tho  latter 
nail,  an  eicess  of  pre^nre  equal  to 
the  pressure,  which  forces  the  liquid 
through  the  oriHce,  and  if  the  vessel 
were  free  to  move  in  a  horizontal 
direction,  it  would  bo  driven  in  a 
direc'tion  op[K)site  to  that  of  the 
jet.  Segntrrs  reaetion  wiieel  (Fig. 
70).  generally  known  la  the 
JtydrattiiC  tourniquet,  or  Barker's 
mill,  depends  up^m  tliis  prioriple. 
The  vessel  (A),  capable  of  turning 
about  \U  vertical  axis,  is  providwl  at  its  lower  end  with  a 
horizontal  tube  with  lateral  openings  near  its  endn.  Iteaction 
turbittm,  or  Sooteh  iurhiws.,  extensively  oseil  a.H  water-motors, 
are  special  applioitions  of  the  gfineral  priiiciplo  of  reaction 
wheels.     The  nsiial  turbine  U  a  horizontal  natur-whocl  lying 
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lurbiue  (-Fig.  71)  coosisU  uf  a  pair  of  coiiceutrtc  iliHb»,  of  whiob 

the  inner  and  suiallor,  called  the  j^uide-wheel,  ut  Axed,  while 

the  outer   'HsTc.  A,  (urus  ttXtonX   ilti 

vertical  aiis.     The  curved  arms,  or 

bhtdea  of  the  dish   B,  direct   the 

outflowing  water  ogainat  «  similar 

set  ol'  cuTTed  blades  cArrieil  by  tho 

disk  A.     The  lutter  v  heel  is  driren 

lorwsrd  iu  the  directiuu  uf  the  arrow, 

lH»th    by  the  impact   of  the  water 

6uwiug    io  against  the  blades    of 

disk   D,  a.nd  also   by  the  rcactitui 

a^niiist    them    uf    the    outflowing 
Fto,  71 .— Foumeyioii'B  Tiirbinc.    |p„,„_ 

ro.  Water  Motor*— Water  Wheels.— By  niBana  of  vertioal 
water-whe<-ls  turning  uu  horixoutul  uxcs,  the  energy  i>f  flowing 
water  is  couvcrtod  iuto  that  uf  euiial  rotation.  The  undershot 
teheel  {Fig.  72)  canies  around  ite  oircumfereuce  a  ^ct  of  hla>]es 


Fk..  7S.— Undcwlwl  Wheel. 


or  buckets  plaf^  radially,  that  is,  at  right  angles  to  the 
ciccHiufereiice  ui'  the  wheel,  and  the  whwl  is  h»  located  that 
the  (■urrent  strikes  agaiiwt  (he  buckets  at  the  Ixjttom  of  it. 
The  wheel  is  turned  by  the  impact  of  the  running  water  against 
its  backets,  the  water  at  the  itaine  time  giring  up  a  portion  of 
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its  Telocity  to  the  wheel.  Such  wheebi  are  applicahli*  where 
the  quantity  of  water  is  great,  bat  the  fiili  incoiLiiilerable.  The 
overshot  wheel  (Fig.  73)  is  used  where  thu  Himmnt  <if  water  in 
sm^l  and  the  fall  is  great,  as  with  »ixiaU  muuiiUkiu  ntroumR. 
Here  the  bla<les  are  converted  into  s(r-callcd  i-clU.  ot  bu(>kelH, 
of  appropriate  fi)rm.  and  tlistributed  about  the  circnnifer^ncc  of 
the  wheel.  The  wat»r  folk  iiitu  these  bimkets  on  the  upper 
pact  of  ibe  wbet^l.  whitdi  h  thus  muveil  by  the  weight  uf  the 
water  chiL'lly.  Ibougb  a  runtribution  to  the  oinTgy  of  nitation 
aleo  comva  iwm  the  velocity  of 
tbe  current.  M  each  bucket 
arrives  at  the  lowest  [i«>iiit  of  the 
revtdution,  it  dtHi-harges  ilu  water 
and  aareiiJjt  empty.  The  work 
per  seiMnd.  callL-d  the  efeet  of  a 
waierfaU,  ec|ualB  the  work  re- 
quired to  raise  the  quantity  of 
WAler  which  falls  during  a  D«<-oDd, 
to  a  height  equal  to  the  diatance 
between  the  i^urfaces  of  the  v/atvt 
below  and  abttve  the  fall.  If  tho 
weight  of  this  water  in  kg.  be 
multiplied  by  the  height  of  the 
fall  in  meterH,  the  e{i'ect  of  the  full 
will  b«  found  in  kgm.  lint  this  total  tboorotical  effect  of 
a  fall  of  water  U  nevor  real  ized,  oven  when  frictional  re^istjuiow 
are  considered  :  fup  the  watur,  after  a<-ting  oii  thp  wheel,  still 
retains  wiuie  velocity,  and  therefore  does  not  impart  the  whole 
of  its  velocity  to  the  wheel.  The  particles  of  water  will  always 
retain  a  velocity  at  least  equal  to  that  of  the  cin^timfercnco  of 
the  wheel.  The  best  overshot  wheels  furnish  about  7(f  per  cent. 
of  the  theoretical  eflect,  while  undershot  u-heols  furuisb  a  still 
smaller  pen.'entage. 

Other  forms  of  water-motors  are  those  due  to  Iteichenbacb, 
coiuttructed  on  tbe  principle  of  the  steam-engine.  Water, 
acting  alternately  at  high  and  low  pressure  on  either  side  of  a 
piston,  drivea  it  backwards  and  forwards  in  a  cylinder.  The 
little  watermotor  constructed  on  this  principle  by  A.  Sohmidt 
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U  of  grent    inilu-ttrinl    value    in  citieti    where   water  at    liigh 
presHiire  w  Hvnilabli?. 

71.  CompreaaibUity    of    Liquids. —  LiquiJs    are    so    slightly 
compros^tible,  wlien  subjected  to  extenml  lorr-vM,  that  tViey  were 
for  a  lonj:  time  coasidered   iucompressible.    Tlie  Florentine 
AfuulBiuy,  in  IfifJl.  filled  a  silver  sphere  willi  wiitcr,  hormelirally 
KOalL-il  it.  and  subjected  it  tii  llie  bliws  of  n  hammer.    Sin«o  the 
least  cbatigtii  of  furin  of  the  sphere  dimbi- 
ished  its   vcdmiiL'.    the  watfr  within  it  was 
necessarily  compressed.     It  was  found  thai 
at  every  blow  of  the  haniiner.  wat*r  i)a(;sGd 
throiiph  the  silver  shell  aud  coilecled  &s  dow 
upon  its  surface;   whence  it  was  apparent 
that   water  wonid    penetrate    the    metallic 
walls  of  the   aphere    rather   than   b«i  wm- 
presaed.     Canton  (1701)   was  the  tirst  to 
prove  that  liqnida  arc  compresMble.    If  & 
veH^el  es|i()st'<i  to  &   pi-exauro   from  within 
yields  by  virtue  <if  itxelastii-ity  and  oxftunds, 
to  provB  the  fact,  and  meiuure  the  amounl 
nf  the  compressibility  of  liquids,  it  is  neces- 
sary to  apply  to  the  external  walls  of  the 
vCMsel   a  pressure   precisely  eqnol    to  that 
within,  otherwise  the  voliune  of  the  vewwl 
will  nt>t  remain  eoiistant.     Oersted  (1822) 
maile  us«  of  the  fnlluwiiitr  method.     A  pear- 
s}iu]it>d  vessel  (a.  Fig.  74)  with  a  [leriiiaiienUy 
uttarhed  g\tiss  tube,  wae  lilled  with  li(|md. 
A  gradnated    scale   ia    permanently   fixed 
beside  the  tube  whioh  indicates  exactly  the 
ratio  of  the  volume  of  tin*  (lorlion  of  the 
tube  between  two  successive  gradiiatious.  to 
the    volume    of  the    entire    vessel.     After 
the  vesaei,  a,  called    the  pietotneter^  had  l>ecn  filled   with  tbe 
liquid  to   b©  investigated,  e.g.  with  distilled  water  free  from 
wr,  it  was  placed  with  the  mouth  of  the  tube  downwanl  in  tbe 
basin  of  mercury,  h,  and  by  slightly  changiug  the  temperature, 
a  little  water  was  ex]^>e11ed   through  tlie  ttibe,  and  a  small 
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quantity  of  meicury  touk  Ws  place.  By  Ihc  sido  of  tho  pioKomctor 
was  placed  a  uniformly  large  glaaa  lube  filled  witli  air,  closed 
at  it.s  npjior  end,  and  open  below,  and  also  provided  with  a 
graduutLil  «'alp.  The  latter  tube  and  scale  were  to  act  as  a 
manontHer  to  nioaHure  the  pressure.  The  entire  apparatus  was 
then  placed  within  a  strong  jflass  cylinder,  «,  which  was  tilled 
with  water,  and  tdosod  with  an  air-ii*'ht  cover.  A  forcc-pumj) 
was  then  rigidly  altaclied  to  this  cover,  by  means  of  which 
wutvr  (;<inld  be  dranii  fmm  tbe  re^rvolr  at  the  .tide,  and  forced 
into  the  cylinder.  .Since  the  preaaure  eierted  npon  the  water 
by  tho  jiidt^m  of  the  pump  Wfis  transmitted  with  equal  intensity 
in  all  fliroctious,  tho  pieaometor  was  compressed  from  without 
hy  the  water  around  it,  and  from  within,  with  the  same 
intensity,  by  the  coltmin  of  mercury  rising  within,  the  tube. 
Tho  mercury  also  rose  in  the  manometer  tube.  The  height 
of  tho  menrury  in  tlic  ptenomtfter  indicated,  then,  tlie diminution 
in  Volume  of  tho  water  containi4  in  it,  and  the  height  in  the 
manometer  showed  the  pressure.  Wlien  in  tbo  manometer 
tube,  the  air  had  been  cumprossed  to  ^.  {,  \,  etc.,  of  its  original 
volume,  it  was  known  that  the  pressure  was  two,  three,  four, 
etc.,  times  as  great  as  the  initial  atmospheric  pressure,  i.e.  that 
ib  was  two.  three,  four,  etc..  '"  atmospheres,"  the  normal  pres- 
snro  of  the  air  (I  kg.  per  I  sij.  cm.)  being  doHignated  "one 
fttmosphere."  From  oxporimcuts  ^uch  a«  thia,  mercuiy  has 
been  foaod  to  coiiipre»)a  by  'ii  millionths  of  its  original  volnme; 
water,  by  .10:  couiiucrcial  alcohol,  by  80;  and  ethor,  by  111. 
When  the  pressure  is  rt^iuored,  tho  liquid  returu:i  instantly  to 
ita  original  volume. 

72.  Coheiioa  and  Adbosioa  of  Liquids.— Notwithstanding  the 
facility  with  which  tho  particles  of  a  liquid  move  ujmju  each 
other,  a  force  of  attraction,  ealled  cohesion,  a<;t«  between  the  con- 
atituent  molet-nles.  This  force  reveals  its  existence  in  the  forma- 
tion of  drops  and  bnbblcs.  If  a  masn  of  oil  be  brought  into  a 
mixture  of  alcohol  antl  wat(;r  of  the  Haiue  8|ievific  gmvity  aa  the 
oil,  the  buovant  cfTe^^t  of  the  misturc  dc»tToys  the  entire  weight 
of  the  globule  of  oil,  which,  being  no  longer  snbjei-t  to  the 
force  of  gravity,  \&  drawn  by  its  own  molecular  forces  into  the 
form  of  a  ttphere.     Ity  nrtue  of  the  mutual  attrat^tiona  of  its 
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own  particles,  the  globnle  ftssnraes  tho  form  in  which  the 
surtacp  18  a  mtnimtim.  Twa  dropR  (xtmbiiia  the  iiistacit  ihey 
tonch  each  uther,  into  a  single  tlmp.  whiutd  surfauu  in  obviously 
lesii  than  the  sum  of  the  HiirfHceii  of  the  two  se|>arate  drups. 
'flic  oflbfit  uf  cnhosidn  in,  thoroforw,  to  dirainish  the  auriJace  of  a 
nutfis  of  lii^uid. 

The  moIeonUr  attraction  of  two  particles  of  matter  de- 
crea*ts  very  rapidly  with  innreasing  dUtaiiL-e,  aud  IjGeunaes 
wholly  iuappreL-iable  eveu  at  comparatively  smaU  distanceeL 
If  a  sphere  of  radius  equal  to  the  greatest  distaoce  at  which 
these  forces  are  perceptible  be  conceived  as  de^^cribed  alxiut 
any  g:iven  point  as  centre,  this  sphere,  calM  the  sphere  of 
action  of  the  point,  inotudee  alt  those  particles  which  act  upon 
the  particle  at  tho  c*>ntrtf.  If  the  parlii-lp  is  (situated  within 
the  itias8  of  a  lii^md,  ev4.'ry  pair  of  patticloi  of  the  liquid 
AjmnietncAlly  situated  with  rt.-M|>ect  to  the  one  in  question, 
mntutilly  destroy  each  other'a  eflect,  mid  the  particle  con- 
sidered Kufrors  from  the  siirrotinding  particles  of  the  liquid  no 
effect  whatOTor.  If,  on  the  contrar)-,  the  jiartidu  lies  upon  tho 
surface  '»f  the  liquid,  only  tht-  lower  lial  f  of  the  Mphere  of  action 
is  tilled  with  attracting  particles,  and  these  ntll  couibioe  their 
forces  of  attraction  into  a  resultant  directed  perpendicularly 
dotmwanl  intn  the  mass  of  liipiid.  Su(^b  u  resultant,  though 
somewhat  smaller  than  the  former,  will  abo  act  upon  every 
particle  which  lies  nearer  tho  surface  of  tlie  liijuid  than  the 
radius  of  the  sphere  of  action.  All  thu^  particles  of  the  liquid, 
therefore,  situated  at  a  depth  below  the  surface  less  than  the 
radius  of  the  sphere  of  action,  are  subject  to  a  pn^NSun;  directed 
downward,  and  called  eohenue  piv.ssitre.  I'hey  I'onn,  so  to  spoak, 
a  tough,  tense,  elastic  skin  over  the  stirface,  wh^jsc  constitution 
is  diflerent  from  that  of  the  interiur  mans  of  the  liquid.  The 
tendency  of  this  film  to  contract  is  called  surface  tenitioi*, 

With  cnrred  surfacefl.  therefore,  in  addition  to  the  cohesive 
pn-jwiirc,  the  component  of  surface  tension  jwrpendieuiar  to  the 
surface  must  also  bo  conaidorod.  This  component  is  always 
directed  toward  the  concave  side  of  the  surface;  with  convex 
surfaeew,  therefore,  toward  the  interior  of  the  liquid,  but  with 
concave    it    is    dirente^l    outward.      In    the    former    case    it 
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•ngmeDt^,  in  the  lattor  it  <liminidhos,  the  cohesive  prenstire. 
It  is  also  greater,  the  greater  the  curvature  of  the  surface,  or 
the  less,  th«  radius  orcnrvBtiire. 

Molecular  attraction  acts  aUo  belwRen  liquids  aud  solids, 
in  wkir.h  cat^  it  is  termed  ndhesiou.  \\'atcrKlru[»  cling  to  a 
surface  of  window  glass  by  virtue  uf  cohesion.  It  is  the  latter 
force,  also,  which  caiuea  the  particles  of  water  tu  eling  to  the 
suit'ace,  when  water  is  poured  from  a  drinking  glass.  Water, 
■prink'le<I  ujMjn  a  elesD  siirfaca  uf  glass,  sprvutU  out  ovci-  the 
irfac^  and  wet^  it;  mercury,  on  the  contrary,  instead  of 
moistening  the  surface,  furms  a  rounded  drop  upon  it.  Water 
comports  it^lf  similarly  when  poured  npon  a  surface  coated 
with  oil.  lu  the  lir^it  <!atie,  the  adboHioa  of  the  wnter  to  the 
glass  is  obviously  greater  than  the  cuhesion  of  the  particles  of 
Water;  while  in  tht-  second,  the  cohesion  of  the  mercury,  and 
in  the  thinl,  that  of  the  nuter.  exceeds  the  adhesion,  in  the 
<me  instance  of  mercury  tu  glass  and  in  the  other  «>f  water  to 
"il.  The  ndhMion  of  water,  therefore,  to  the  side  of  the  glass 
may  bo  provcntt'd  by  coating  the  month  of  the  glass 
with  oil. 

73.  Liquid  Filmi — Bubbles. — When  wire  frames  so  con- 
structed that  their  edge's  reseiublo  polyhedra  of  various  forms 
(e.g.  totrahcdra,  cubes,  etc.)  are  dip[>ed  into  soapy  water  and 
carefully  withdrawn,  the  snaiiy  i^ulution  adhering  to  the  wires 
forms  thin,  tough  lilms,  which  intersect  one  auotber  within  the 
frame  in  sharp  Htrmght  edges.  These  tigiire8  arise  out  uf  the 
tendency  of  the  molecnlar  forces  to  frirm  the  smallei^t  poiiaible 
snrliBces.  Plateau  called  them  fignres  uf  etjuilibrium,  Ijecanse 
the  surface  tensions  in  them  hold  each  otlier  in  eqnilibriimi. 
A  spberical  bubble,  on  tho  elbcr  hand,  i8  not  a  ligute  of  eipii- 
librinm.  If  a  soap  bubble  bo  liUed  with  tobacco  amoke,  the 
pressure  which  the  liquid  fllm  exerts  upon  the  eontonts  of  the 
bubble  forces  through  the  tube,  to  which  the  bubble  still 
adheres,  the  air,  together  nith  the  smnke,  M-ith  snch  violence 
as  to  disturb  the  tiame  of  a  candle  held  nr-ur  the  mouth  of  the 
tube.  The  bubble  meanwhile  grattually  controt^ts.  If,  on  the 
contrary,  tho  mouth  of  the  tube  be  kept  close<l,  the  babble 
neither  c>ontract«  nor  expands,  since,  in  this  ca^e,  the  excess  of 
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prceituTe  of  the  sir  roinprvKHcd  uu  tlie  interior  holds  the  surface 
tcnsioa  in  (Mjuilibrium. 

If  I'  iIlnioW  ilif  jiivsMiio  U|ioii  a  oupetflml  [iml,  and  if  iLc  radiuH,  11,  of 
tlie  bubblt-  ia  fthoTteiied  by  tli«  unall  qiioiitity  r.  the  work  iJcrTormci]  by  Uie 
■urfiirc  tcusiocL  -  +irIIIV,  lUit  bodi  the  iiilLrioi  mii]  tlir  fxleriiir  tiirfncos  of 
Uio  film  ure  diniiniahed  by  ttie  cotntiioii  iji)»ntilj'— 

4»R*  -  4«-(R-r)'  =  4it(H-  -  W  +  -l\W-r)  =  4^rt^;:iR-r) 

which,  when  r  is  &inall  in  coiniiaiisuu  witb  2H,  may,  without  upiirixiiilile  ntot, 
Uo  put  eqn&l  to  Srltr.  The  eonlractigii  for  U>\h  KUtfiiueft  lU-vurdingly 
=  InrKr.  If  now  a  deiiott'  the  wytk  of  tliu  iiiiilrtriiliir  fort^eK  miulred  to 
dimininb  Ihe  niirfwrn*  by  mit  unit,  iIip  total  work  iwrl'iirriircl  hy  theiii,  tneiefore. 
M|iialH  IGvHrn.  whii'li  niiiNl  Iw  oiiial  t»  llio  Kiirfjtcv  tt^imioii  fuitiiil  abore.  Wc 
hare  tbeu  4»!t'I*r  ~  IKirltm,  from  which,  fur  bolii  surfflcts,  il  follows  tbnt 

P  =  TT-,  Md  for  oBch  atufacc  wparotcly,  p  -  -k- 

A  ii]>hori<?AlI,\'  i-iirv«d  Fiirfnuc  of  liiiniil  «3e)tj  therefore  njion  a  ni|)etfiei*] 
unit  0,  fins«cur<i  oirccU*d  Lownrd  tliu  iTiiiicHve  si<l«,  and  iiivcT>«ly  propOTtion&I 
to  (he  nidiiw  of  curvature. 

74.  hnfsXe  of  Contact— Arouu J  the  eircumferouce  of  tlie 
nail  oi  s  glas!i  tiitulilcr,  Tater  riste-s  a  little  above,  while 
]DOn;ury  &iuk8  u  little  below,  the  surface  of  the  liquid  in  the 
miUdlo  of  Iho  vessel.    At  tLo  point  V  (Tx^.  75),  beside  the  wall 

of  a  Tcsswl,  a  particle  is  acted  on 
by  gravity  dtreutecl  vertically 
dnwiinard,  by  the  ftirre  of  ad- 
htsifjii.  A.  dircctt-d  mitward  per- 
[jeuiliculurly  tu  the  wall,  and  by 
the  force  of  uuliceioD,  C,  directed 
Fin.  7fl,—CiMitiMrt  Angle.  f^ward  tb©  interior  of  the  li<juid. 
The  [larticle,  P,  therefore,  can  be  in  ei|iiilibriiini  only  when  the 
gitrfai'e  of  the  liquid  haa  ajtsiiined  the  dirwrtioti,  PQ,  j>eri)fiidit:ular 
to  the  resultant.  U,  of  these  forces.  The  augle,  QPW.  lielwecn 
the  surfaces!  of  the  liquid  and  of  the  wall,  ia  culled  the  angh  of 
cotUact.  or  tltc  contact  angle.  Since  it^  magnitude  dc|>t;ads  only 
upon  the  ratio  of  tbo  forcos  of  cohesion  and  adhesion,  it  wll  be 
constant  for  the  same  liquid  and  the  .•lonie  veiwel.  AccurUinj^ 
an  the  resiillant,  II,  is  diroeted  oiitwnrd  tbroiiph  (he  ves-wl  wall, 
ur  inward  thmugh  the  liqiii'l,  nil!  that  [lortiiMi  of  the  liquid 
around  the  edge  riao  above,  or  tlrop  bcluw  tho  general  level  at 
the  middle,  where  tho  surface  hoa  n  direction  exactly  iwriieu- 
dicular  to  gravity  and  the  whe«iv«.-  pressure.    The  former  will 
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occur  wbou  the  nail  of  the  vesMl  is  wotted  by  tlie  liquid,  and 
ti]<>  latter  wlioD  it  is  not. 

75.  Capillarity. — if  &  sleuder  j^Ihsx  lube  {capillary  ttihe)  be 
itumerseil  in  water,  the  li<jiiid  will  rise  111  the  same  tu  a  level 
liightT  thaii  that  of  the  surface  ul'  the  lujuid  outside  of  the 
tubo.  With  twu  coiuBHmicBtiTig  tubes,  also,  water  rises  higher 
in  the  smaller  than  in  the  larger,  which  is  contrary  to  the  \vi6 
of  hy<lri)!static«i. 

An  etevutioti  of  the  li>|iiid  in  the  tube  above  the  level  of 
the  Hijuid  in  the  vessel  always  occurs  nheu  the  sides  of  the 
tub*.-  are  mui^tcucd  by  the  Hi^iiid.  This  |)henoniennu  i?)  called 
cvipUUtry  attracttttn,  or  capiliariiy.  If,  od  the  i^ontrar^*,  a  gluHH 
tabe  be  inserted  in  a  basiu  of  mercury,  the  glass  will  not  be 
mfiisten*"'!  and  the  Dieri?m'y  iu  the  tube  «ill  sink  below  the 
general  level.  The  latter  phonomeuou  is  frequently  called 
capiUartf  depression.  In  both  cases  the  differenoe  of  level  of  the 
liquid  withiii  and  without  the  tube  is  inversely  as  the  diameter 
of  the  tnljc  These  phenomeQa,  which  are  couiprined  nnder  the 
general  tcna  capillarity,  Und  their  explanatiim  iu  the  joint 
effect  of  cohesion  and  adhesion.  Wo  shall  now  proceed  to  the 
dtu.'Utuiion  iif  the  causes  i>{  these  phenomena.  .Sintie  the  effect  nf 
the  vu!)jt>t  nail  extends  only  lo  a  very  small  distance,  the  xurface 
of  llie  liipitd  in  tlm  iiiid<lle  of  a  wirle  vessel  remains  hnmimtal. 
In  a  niirnm  tiiU.-,  howuvcr,  whcro  the  clVuut  of  the  wall  i-xlends 
to  the  middle,  or  even  lieyond,  the  DUrfaco  of  the  lit^uid  must 
untmo  the  form  of  a  concave  iihotl,  if  the  wall  is  wetted,  and 
of  a  (wnvex  shell,  if  not  wotted.  SiiL'h  a  cnne*l  siirt'ac« 
exhibited  by  li<}uids  in  narrow  tubes  is  called  a  "  meniiwiia." 
Any  curved  liquid  surface  has  been  shown  tn  exert  a  preissure 
always  directeil  toward  its  amcave  side.  It  is  IhLs  pressure 
vhioh,  in  a  moistened  capillary  tulie,  whore  the  concave  side  is 
always  directed  upward,  eleratea  the  liquid  obove  the  outside 
level  to  a  (joinl,  where  the  pressure  of  the  cdumn  hold.s  the 
^i»auro  due  to  sorfaoe  tension  iu  efjuiiibriuni.  It  is  likewise 
«asy  to  see  that,  in  an  unmoisntened  tube,  the  presmre  due  to 
sttr&ee  tension  nui.Kt  depresH  tlie  c^tunin.  Since  this  molerulor 
prassure  increases  with  the  curvature  of  the  stirface,  which  is 
greater  the  narrower  the  tube,  it  is  evident  that  the  oloTation 
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or  deprinBtifrii  of  the  liquid  must  be  inversely  projtortional  to 
the  diameter  of  the  tiit>H.  The  height  attained  hy  the  coliimn 
in  a  moisteiiBd  tiiU)dc!|i(indH  upon  the  nature  of  the  liqiii'I,  but 
uot  upirn  t)i<;  iiiut^Trial  nf  tlii-  tube.  In  a  tube  of  1  mm, 
diamotur  w-ator  attains  a  heif^lit  of  30  mm.,  sulphuric  acid  17, 
alcohol  VI,  and  ether  10. 

la  A  n)alHU!ri<<il  iiitx',  wltiiv  ttie  cDiitoct-uigle  Is  Beio,  lbs  mrflM fisiW a 
lieuisphcro  coue>v«  ii]iwiinl,  U  radiiia  Ri  equl  to  the  ndins  of  tlift  talio. 

Tbifi  tube  ex«rts  ■»  u|iward  pnll  «qu>l  to  -|^  per  miporficliU  unit,  which  boMs 

in  eqiiiUbrmni  Uio  hv'lrostaiiu  j^rcMuro  )-,  acting  downwntd  «pcn  the  Uquwl 

columiiof  (iltitudeA,  «ndof  <pocifiognivity».    W«  liarc,  llierefore,  i«  =  -^' 

or  A  =  rf  ■    TTte  work,  a,  nx)tiiroiJ  to  dtminifJi  the  mirfnrc  of  tlio  \\<\\\v\  hy  one 

onit  1b  chIIihI  ihu  contiUia  vf  i»|riUarity.  Viota  tho  above  ttiustion.  it  mav  Iw 
computed  wImu  h.  U,  And  s  liaTo  bem  monnireil.  Tlw  boi^lit  of  aAOMit 
bctwoon  iwo  |>arallel  \AmvB  surfaces  la  inrotwly  propoiiioiial  tti  tli*  <lUtADC«  R 

betvfoeii  tliem.  ami  wj  hare  h»  =  ^-.    If  lie  piules  loudi  along  iJioir  vortical 

e4gH  at  an  angle  to  thai  ihcir  diKiancr  nl  aiiv  jmint  iiicroo«i?H  proj)urti»tiall)r 
to  the  dlstauet)  of  (his  piiint  from  thoir  comninn  «-di;«,  fbc  upper  sntface  of  the 
elevated  liquid  will  tnhi'  the  form  ofnn  oqiiilatond  liy|M>rbola. 

Tho  effects  of  capillarity  are  fainiliar  t«  m  in  many  fonns 
in  daily  life.  If  a  lump  of  white  mpix  be  touched  to  the 
surfaoe  of  eoffcc,  the  bromi  liquid  will  be  seen  to  rise  rapidly 
through  tho  lump.  The  nunieruu^  small  iiitcrstioes  Iwtween 
the  tittle  (rryKtals  uf  tho  sn^&x  liuustittite  an  elaborate  network 
of  capillary  tubes.  .V  heap  of  sand  thrown  upon  moist  grouud 
becomes  moiMtooed  to  its  apex  from  tho  itame  caiiae.  The 
til>5orpti<>ii  lit'  Hqiiidn  by  blottinf^-paper,  sponges,  uud  other 
porous  bodies,  ae  also  the  rising  of  oil  in  tho  nicks  of  lamps, 
all  dei«nd  likewise  upon  eapillerity. 

76.  SolntiOD. — The  process  by  nhich  a  body  [lajsses  from  a 
wlid  to  a  liquid  state  in  eonseqaence  of  the  attraction  between 
its  U)ole(.iil«»  and  those  of  a  liquid  is  called  sotutioit.  The  liquid 
oaed  to  dissolve  the  solid  is  called  a  eolvent.  It  merely  takes  up 
the  molecules  of  the  solid  without  chemical  chanj!*,  and  fonns 
from  them  an  h(»nogeneou8  liquid  maaa  This  liquid  ih  also 
called  a  gottUhn  nf  the  solid.    Sujrar,  salt,  saltpetre,  dissolve  in 
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water;  shellac,  in  alcohol;  gold,  in  mercury;  and  fmm  thoir 
solmious  tw)li<ls  are  separated,  imi-hiinged  in  their  ('onstitntion. 
on  va|H»ratinfj  the  solrent.  ^Yith  higher  lemperaturt*».  the 
liquids  urv.  HSU  rule,  capable  of  taking  u[(  largi-r  t|iiButitie8ijf  tho 
soluble  bodies  thuu  at  luwcr.  Hot  wator,  for  example,  dissolves 
more  saltpetre  tlinn  c-idd.  but  :«alt  dissolTM  as  roodily  in  cold  as 
in  hot  water.  A  sohilion  is  said  to  be  stturatcl,  when  it  con- 
tains as  luuc.b  of  the  body  as  it  can  hold  in  suspension  at  the 
teui ]ienil ure  in  (]iieMton.  On  cooling  a  hot  mtnrated  solution 
of  saltjxitn;  a  jiortion  of  the  dn^aulved  substance  is  dcih<.4ite(l 
in  ft  solid  condition,  while  the  licjiiid  at  the  lower  temperattire 
still  remains  sutuntlcd. 

it  inny,  howevei",  occur  that  when  the  golntion  ia  cooled 
below  the  aaluration  poini,  no  portion  of  tlie  solid  ia  aeparatod. 
The^ulutioii  iNthen  tuper-aaturateJ.  A  sli'^htdistnrliauce  of  the 
si.dutiou,  produced  either  by  agitation,  or  by  drogipiug  into  it  a 
cryslal  of  the  dissolved  nulMlanoe,  will,  however,  cause  a  sudden 
deposition  of  a  [jortion  of  tho  solid.  Only  bodies  capable  of 
crystallization,  le.  trytlalloidB,  such  as  tho  salts  mentitmoii  abore, 
have  definite  aolubilities.  Amorphous  bodi<>s,  such  as  glue, 
gnm-nrabic,  albumen,  etc.  (ctof/oui4),aTes(ilrili]e  in  all  pmportions, 
bat  in  small  ([imnlilies  of  thR  solvrnt  they  become  only 
gelatinous. 

A  solid  dissolves  in  a  liquid,  whenever  tho  adhesion  of  the 
particles  of  the  two  bodies  is  greater  than  tho  cohwion  of  the 
particles  of  the  solid. 

77.  Diffusion.— If  alcohol  bo  poured  carefully  over  the  tor- 
face  of  water,  the  particles  of  the  two  bodies  will  soon  be  fonnd 
to  be  bomogenetiusly  mixed  together.  This  <:aumit  bo  due  to 
gravity,  sinro  the  alcohol,  being  lighter  than  tho  water,  most 
float  «ixm  the  surfat-e.  This  proceea  of  mixing  of  the  two 
liquids  in  contact  with  each  other,  is  anologoua  to  solntion. 
It  takes  plwre  by  a  gradual  interchange  from  layer  to  layer, 
caused  by  the  adhesion  of  the  partirlKs  of  the  two  liquids, 
which  for  liquids  capable  of  exhibiting  this  phenomenon  is 
greater  than  the  cohesion  of  the  portiiica  of  either.  During 
the  pntoen,  a  change  of  rolomo  frequently  occurs.  For 
example,  alcohol  and  water,  when  mixed  together,  contract,  and 
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thereby  (levoloji  heut.  With  liquids  not  capable  of  admiiture, 
cohesioL  is  grofitor  than  adhesioD,  ami  diflTiisiuo  does  not  occur. 
They  merely  urrRnge  tliPiuselvea  abuve  one  another  in  llio 
order  of  iheir  niiecitic  gravitiey  (e.g.  oil  and  water), 

78.  Osmoae. — Wlieu  two  different  liquids,  capable  of  inter- 
mixing, are  sejiarated  by  a  thin  jjoroiis  partition,  an  interchange 
of  their  molecules  mil  take  place  through  the  membrane. 
Thi.-j  [>Toc«iui  is  called  osmostt  (eudoatuosei  exosmoso,  Dutroc^hct, 
Idl^Oj.  In  the  nock  uf  a  tiaak,  the  bottom  of  which  has  ))eeiL 
broken  away,  let  a  gla&i  tube  Lie  fitted  by  means  of  a  jierforated 
cork,  and  a  bladder  be  tied  over  the  Ijotttim.  Let  this  vessel, 
tilled  with  a  liquid,  e.if.  alcohol,  lie  inimeraed  in  a  larger  voaeel 
coDtainio)!^  water.  The  alcohol  wilt  be  observed  to  n»o  gradu- 
ally in  the  mbo,  to  a  hoiglit  of  -itl  or  W  centimeters,  Water 
has,  therot'ore,  pat^^ed  through  the  bladder  into  the  alcohol 
against  gravity.  This  is  called  endogmose.  A  jiortion  of  the 
ah^liol  has,  however,  parsed  out  of  the  reasel  into  the  water. 
as  is  readily  detected  from  the  colonr  of  the  water,  if  the  alcohol 
ha»  been  Urut  eoloureJ.  This  is  Mosmom.  The  rising  of  the 
liqnid  iu  the  tube  showy  that  mure  water  than  alcohol  has 
|>ftS!>ed  thruiij,'h  the  menibrane,  and  the  height  filially  roached 
by  the  liquid  column  is  a  measure  of  the  excess  of  pressure 
which  drives  the  water  thrringh  the  partition  into  the  alcohol 
(oemotic  pressure).  If  the  bladder  be  now  replaced  by  a 
woutcboac  membrane,  it  will  be  found  that  more  alcohol  than 
water  pnsseg  through.  The  nature  of  the  membrane,  therefore, 
plays  an  important  role  in  the  interuhango.  The  po^iuge  of 
the  two  liquids  in  unequal  proportions  is  due  to  the  fact  that 
the  membrane  can  alxsorb  difierent  quantities  of  diR'erent  liquids 
into  it»  jtores.  Ac(w>rdiug  to  Iiicl>ig,  UMI  jiarts  by  weight  of 
dry  ox-bloddor,  in  24  hours  absorbed  '2*J6  p&xu  by  weight  of 
water,  133  of  saline  solution,  38  of  alcohol,  17  of  noatVfoot  oil. 
If,  then,  alcohi.l  and  water  be  separated  by  an  ox-bladder,  the 
latter  will  take  up  from  tbe  one  side  water,  and  from  tbe  other 
alcohol,  ill  the  ratio  2GS  :  IliJ.  The  water  which  has  lieen  drawn 
luto  tbe  membraue,  is  now  drawn  i>iit  by  the  adhesion  of  the 
particles  of  alcohol  to  those  of  water,  and  similarly  those  of  tbe 
ateobol  are  drawn  out  toward  the  water;  but  foroverv  'J(i^  parts 
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of  water  fiuiimg  through  the  membrane  ooly  38  parte  of  alcohol 
pasB. 

Nwraorons  oxaraples  »!'  osmytic  action  rueet  iw  in  everyday 
life.  Beans  and  pea.1  xoitked  in  water  swell  up  beraiue  more 
wat«r  paHHes  inward  through  their  membranouti  uwCin^  Ihan 
|ia!Met!(  imtwariL  If  radishes,  cut  in  slices,  Im?  sprinkled  with 
iiull,  the  idicejt  "draw  water."  e.t'.  tbo  li<|uid  wiulaimd  in  the 
cells  of  the  vegetaWo  passes  outward  iu  oonsiderabk*  nuantiticn 
to  the  «>ncentr»ti?d  siJl-woltititm  whidi  is  fornipd  by  contact 
of  the  salt  with  the  nmisl  siirfan-es.  Osniow  playti  also  an 
important  part  In  animal  and  plant  life,  for  the  circulation  of 
the  sap  ami  the  blood  (hnmgh  the  walls  of  the  cells  and  blond- 
vosaeU  depends  upon  osmotic  action.  rJraliiim  hi»«  shown  that 
bodies  which  are  crystalline  when  eoUd.  and  called  by  him 
ertjBtaUoid  siilwtances,  e.y.  sugar,  salt.  etc.  pass  much  more 
readily  through  piirmia  mpmhranes  than  do  non-erj-stalline 
aubatanceK,  snch  as  glue,  albumen,  catiutctuHic.  etc.,  which  are 
nuTe  or  less  gelatinims,  and  called  by  him  cotloid  subslanco<i. 
This  behaviour  of  Kubstjuiivs  niakos  possible  llio  Koparatitm,  by 
osiDoee,  of  these  two  classes  of  aubstance)!  from  their  mixtures. 
The  procosB  of  separation  \f<  celled  ilialifsia,  and  the  apjiaratus 
for  executing  it  is  called  a  diahjxer,  which  in  merely  »  large 
6at  vessel  of  hard  nibber,  with  a  bottom  cunnisting  of  parch- 
ment.  The  dialyiwr  is  ullowcd  merely  to  Hoat  in  a  veasel 
containing  a  considerable  quaulity  of  water.  If  now  a  mixture 
containing  a  xolutton  of  gum-arabic  and  titigar  be  poured  into 
tbe  floating  vensel,  after  a  time  the  sugar  will  bare  jiassed 
alm«8t  completely  thmugh  the  |jor«u9  parchment  into  the  water, 
while,  in  tbe  dio/yzcr,  almost  a  pure  solution  of  gum-enihic  will 
renuuD. 
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IV.    GASES. 

(AEROSTATICS.) 

79.  Foroe  of  Expaosioa— Xenuon. — Gaseous  bodies,  or  gtun, 
bRve,  in  common  with  lujuidit,  the  power  of  n<ady  dis|ihicoroent 
and  great  iiiuhiUly  of  thuir  particles.  They  differ  fntiu 
li(juids.  however,  vt-rj'  twsfiitiaJly,  in  tlmt  they  are  yasUy 
coiuiircssible.  and  iilso  in  th*t  tht-ir  parlifli-'!i  tend  tu  separate 
und  theii  volumes  Id  expand  iiuletiiutely.  Tu  prevent  the 
eacapo  of  gases  the  veatieU  cnntaiuiug  them  most  be  closed  en 
all  Ridea,  By  virtue  of  this  expanaive  tendency,  colled  also 
exyamtvK  force,  or  ttntion,  the  euulosed  ;;as  exerts  upon  the 
wallii  of  the  vessel  a  pressure  which  i»  everywhere  perjieudicnlar 
to  the  nail  and  proportional  tu  the  area  of  the  .surface  under 
pressure.  Within  the  interior  of  tbe  f^aseous  tnas8  this  pres^mre 
is  also  exerted  in  all  directions  with  equal  intetutitv,  so  thai 
npoD  both  sides  of  a  smooth  [>Iat«  iniinenied  in  the  gas  equal 
preesnres  perpend  icnlnr  to  the  surfaces  will  be  exerted,  whatever 
position  the  plate  may  imsiimc.  The  tension  of  air  is  easily 
proTcd  by  means  ul'a  tigbtiy-idoRed  bladder  containing  a  small 
i{tiantity  of  air.  The  tension  of  tbe  confined  air  cannot  reval 
it«elf,  because  the  siirruiiiidiiig  air  presses  a<^uin)4t  the  external 
surface  of  the  Idadder  «ith  a  force  efjital  to  this  tension.  If, 
however,  the  bladder  be  placed  uiid«r  the  receiver  of  an  air* 
pump  and  tbe  air  exhausted,  the  expait-tire  tendency  of  tbe  air 
in  the  bladder  stretches  it  until  its  walls  l>ccome  ipiite  tense. 
If  the  air  Ik>  a^^iu  admitted  intii  tlie  receiver,  the  bladder 
contracts,  and  its  walls  finally  shrink  up  into  their  former 
condition. 

80.  Weight  of  ths  Air.— If  it  were  not  for  the  altntctiv» 
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of  the  earth — that  is,  gravity — the  expansivR  force  of  the 
air  which  surroands  the  earth  as  an  envoloping  layer,  would 
carry  oiir  atmosphere  oft'  into  spsce  and  deprive  U8  of  this 
ueccKsary  means  of  subsistence.  To  show  that  the  air  has 
weight,  let  a  rIbsb  globe,  whcwB  nwV  ia  provided  with  nn  air- 
tight Rtop-co<.^k,  bo  exhausted  of  air  and  gnspendod  to  one  arm 
<if  a  balanee.  I^t  er|uili)jriuni  be  now  established  bv  means 
of  weights  suspended  to  the  other  nriB.  If  now  th*.-  ei>ek  lie 
(i|)ened  and  the  air  allowed  U>  flow  in.  the  balance  inclines 
tonard  the  side  of  the  globe.  It  will  Iw  found  that  if  the 
globe  cuntAiii»  one  litre,  a  little  mun-  than  one  g.  must  he 
pla4.'ed  upon  the  scalo>pan  to  restore  ci.|iiitibrium.  Water  is 
aecviidingty  not  i|uitc^  1(K)0  times  (einctly  773  timed)  a^  henry 
as  air.  Ueoce,  in  addition  to  the  pressnre  due  to  the  expaiudvu 
force  of  gases,  the  bottom  of  a  vessel  tllletl  iritb  air,  or  other 
gas,  b  also  expose"!  to  a  pressure  due  to  ;.'ravity.  The  latter 
equalH  the  weight  of  the  column  of  gas  standing  vertically 
over  the  1x>ttom.  With  gas.  as  with  liquids,  the  differenee  \xx 
pieaenre  on  two  et|ual  surfaces  at  diilbront  heights  will  be 
equal  In  the  weight  of  a  column  of  gas  whose  altitiule  is  the 
diB'erence  of  the  heighbi  of  these  surfaces,  and  whose  ba-w  is 
their  common  area,  the  density  of  the  column  being  the  meaa 
density  uf  the  gaa  between  the  surfaces.  The  pressure  duo  to 
the  weight  of  the  gatt  is,  of  course,  very  small  in  comparison 
«ith  that  r)ne  1o  iiii  i>xiwu»ion.  It  u  indeed  so  small  that  with 
small  (|uamitit?a  of  ga^i  it  may  l»o  entirely  uegleet«d ;  but 
with  very  tall  veiweK  and  esiiecially  with  our  atmosphere,  it 
plays  an  important  part.  Since  air  is  compressible,  each  of  i\s 
layers  is  condensed  by  the  weight  of  those  superposed  upon  it. 
The  density  of  the  air.  therefore,  increiaiies  continuoualy  from 
above  downnard.  On  the  surface  of  the  »arth,  at  the  bottom 
of  th4.>  »ea  of  sir  surroiuiding  the  earth,  tliis  pi-essure  is  a  rerv 
cousiderable  quantity. 

To  convince  one's  self  of  the  intensity  of  atmospheric 

iire,  it  is  only  necessary  to  withdraw  it  fr«m  the  side  of  a 
ly.  If,  for  example,  a  short  lead  pipe  is  placed  above  the 
opening  into  the  receiver  of  an  air-pump  with  its  upper  end 
tightly  closed  by  a  pioco  of  blailder,  after  a  few  strokes  of  the 
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pump,  the  bladder  will  be  pressed  into  the  cylinder,  and  will 
Anally  burst  with  a  deafening  report.  Mercury  poured  into  a 
woiKlen  bowl,  glued  to  a  receiver,  ia  driven  throagh  the  pores  of 
the  wuud  and  falls  in  droplets  from  the  inner  surface  of  the  bowl 
(mercury  shower),  by  reason  of  the  atmospheric  pressure  when 
the  air  is  partially  exhausted  from  the  receiver.  The  experi- 
ment of  the  inventor  of  the  air-pump,  Otto  von  Guericke, 
Alayor  of  Magdeburg,  performed  before  the  Imperial  Diet  of 
Itegensbiirg  (1654),  in  the  presenceof  Emperor  Ferdinand  III., 
to  prove  the  existence  of  atmospheric  pressure,  has  become 
world-reuomied.  Two  hollow  metallic  hemispheres,  two 
feet  in  diameter,  were  fitted  together  air-tight  (the  Magd^mrg 
hemisph«rts)y  and  were  exhausted  of  air  as  completely  as  possible. 
They  were  held  together  so  firmly  by  the  pressure  of  the  air, 
that  sixteen  pi>werful  horses  were  scarcely  able  to  tear  them 
asunder. 

8L  Baromsteit. — ^To  determine  the  intensity  of  atmospheric 
prv^nre,  let  a  straight  glass  tube,  80  to  90  cm.  long,  and 
hermetically  sealed  at  one  end,  be  completely  filled  with 

.  mercurv.     The  tube  should   be  filled 

")  *  .       .         . 

If  by  pouring  into  it  small   portions  of 

""<t ■>■■    mercury,  and   then   boiled,  so  as  to 

/  /         exi>el  all  the  air  which  may  be  mixed 

/  X  thit«igh  the  mass  of  the  mercury.    Let 

/        /  now  the  open  end  be  closed  with  the 

/      /  linger    and    immersed    in  a  basto  of 

f     /  niereiiry.  the  finger  removed,  and  the 

/  tnl>e  placed  in  «  vertical  position  (Fig. 

/  TtV  A).    A  |y«rtion  of  the  mercarr  now 

1^"%  fiows  out  »>f  the  tube,  and  the  column 

ir^  Ts— T>*Tk*Hi'»         within  the  tube  i3and«  «i  a  hoght  of 

K\|N>timr»t  -,^  ^n».  aWvip  the  siiriace  of  the  merenry 

in  iht*  %^is«>l.     The  s^woe  within  the  tube  aU^re  the  mereorr  is 

c^wipbMoly   ftw    fW^m  air.  since  any  atm(W|Aeric    particles 

clingini;  to  the  iwlv-icdlU  www  «x|wlle«l  by  the  KMlinir  prwess. 

That  this  is  fnw  .>*n  l*  enwmentaily  juxive*!  by  incUning 

the  tnW  inio  *  new   (ywitiiW-     When  the  tube  is  iTK^ined  the 

top  trf  the  «»eTonml  ,»lnmn  $«i>nils  always  *i  the  jianie  height 
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'  vbfo  the  level  uf  the  meiviiry  ia  iho  basin.  The  oolumo  fills 
a  larger  and  larger  portinn  of  the  enijity  space  (Fig.  7fi.  B), 
and  in  tlie  jiosltion  (Fig.  70,  C)>  nliere  tbo  tubo  has  bueii 
inclined  until  its  iipi^r  end  in  leuss  than  7li  ciii,  ubuvu  tli« 
siirdace  of  the  mernury  in  Iho  tObsoI,  the  empty  space  is  com- 
pletely closed,  uo  trace  of  an  atmosphoric  bubble  remainiiig. 
in  boQoar  of  Torrioelli  ( liil4),  who  wag  the  first  to  perform  this 
experimeDt,  tho  vocHnt  B[awe  almve  the  mercurial  column 
is  calle<l  Torricetli'g  vacuum.  Utit  why  does  the  mercurial 
column,  wbose  lower  end  la  in  direct  communication  with  the 
mercury  belovr,  refuse  to  flow  out  into  tbe  vessel  ?  Obriously,  it 
i$  because  the  column  is  sustained  by  the  atmospheric  preMure, 
Mating  downward  upon  the  surface  of  the  mercury,  and  trans- 
mitted by  thi£  liquid  in  all  directions.  Just  at  the  mouth  of  tbo 
tnbe  this  pressure  mBitifests  itself  a.s  a  ftirce  directed  upward.  It 
follows,  then,  that  u  column  of  mercury  7(i  cm.  or  760  mm.  high 
holds  the  atmospheric  pressure  in  etiuilibrium,  and  furnishes, 
consequently,  a  measure  of  this  pressure.  The  atmospheric 
jireaaure  [wr  superlieial  unit  may  now  he  expretwed  in  units  of 
Hght.  If  the  cTona  itBction  of  the  tul»e  eipml-s  1  9q.  era.,  the 
of  mercury  70  cm.  high  c»ntain.><  70  si],  cm.  of  nieniury. 
I  now  a  cub.  cm.  of  mercury  weighs  li'J  fi  g.,  the  weight  t»f 
the  column  equals  7(i  X  lit'M  x  14)>1<1  g.,  or  a  little  mure  than 
1  kg.  Tbia  i«,  tliorefore,  tho  weight  with  which  the  mercurial 
(wlumn  strives  to  sink.  To  hold  the  mercury  within  tho  tnl>6 
and  to  balance  it,  ntniaiplieric  pressnro  must  op|K)so  to  tho 
column  an  nqual  forcn.  Coni4er|uently,  the  atmiwphere  exerts 
upon  each  square  cimtimeter  cif  surface  a  pressure  of  1  kg,  or  a 
column  of  air  whose  Itosc  is  1  sf|.  cm.,  and  which  extends  fmm 
tbo  Kurfaco  of  tho  earth,  vertically  to  tho  top  of  the  atmosphere, 
wMghs  1  kg.,  i^.  AS  much  as  a  column  of  water  10  m.  high.  A 
ftheet  of  writing  paper  20  cm.  long  by  J '» <"m.  wirle,  ha.i  an  nn« 
ufllCNf  lU].  cm.,  and  cjurieR,  tlierefure,  an  atmatphoric  |)ressuro 
of  300  kg.  Since,  however,  this  pressure  acts  as  strimgly 
upward  against  the  lower  side  uf  tho  shoot  aa  downward  against 
tlie  upper  side,  the  pajicr  may  he  moved  alxmt  just  as  readily 
SB  though  no  pressure  at  all  were  acting  upon  it.  Assuming 
the  surface  of  tbe  human  body  to  equal  1  scj.  m.,  it  !»  exposod 
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to  the  Miormoiis  pressure  of  10,000  kg.  We  are  not  eoiisciuus 
(tf  ibis  preibturc,  bemuse  it  nets  from  all  direclious,  downward 
Mid  upward,  forward  aud  W-kward,  outvard  aud  iowiu-d,  upon 
©qiial  Biirfaces  with  c^iiaX  intensities.  The  ])Pe33uro  of  air,  or. 
in  fact,  of  any  gas,  is  not,  as  a  rule,  exprested  in  kilogramti. 
It  is  more  onnvenieut  tn  state  it  in  terms  uf  the  height  of  tJie 
mercury  column  uhicb  holdti  thin  pressure  in  equilibrium.  An 
ftdjustabtc  metal  scale,  {^radnated  to  millimeters  and  placed 
vt^rtirally  beside  tlie  tnl>e,  has  its  zero-point 
Ivinp  at  the  vertex  of  a  conical  pin  at  the 
surface  of  the  mercury-  in  the  vessel.  Only  a 
Muiall  jnnioii  III'  the  Kcnle  near  the  top  of  tlie 
mercurr  nrduuin  need  be  actually  graduated. 
Such  an  apparatus  is  called  a  baromeicr,  and 
i^inoe  the  mercury  below  is  hold  in  a  cistern,  thiit 
particular  form  is  called  a  eiatem  haromater. 
When  the  mercury  sinks  in  the  tulie  it  must  riwe 
ill  the  cistem,  and  conversely.  These  o»:illation.s 
of  the  snrTece  of  tho  mercury  are  smaller,  the 
larger  the  ciirteni  in  couipuritKiu  with  the  diameter 
nl  the  tuim,  and  for  very  large  cisterns  they 
may  be  ncglectod-  With  the  ordinary  barometers 
for  household  purpose?,  tube  and  oistem  are  made 
in  a  single  piece  by  soldering  lu  the  curvi^  end 
of  the  tube  a  pear-shapod  vessel  {jiJiiai  barometer). 
Since  the  diameter  uf  tho  cUtcni  is  here  quite 
Ainall,  tho  <iscillationa  of  the  surface  of  the 
mercury  in  the  vessel  are  appreciable,  ao  that  an 
accurate  reading  is,  with  this  instrument,  uoilhor 
>-£ipbi]u  |x»Bsible  nor  intended.  In  the  siphon  harometer 
(Fig.  77).  both  branches  of  the  bent  glass 
tube  are  of  e(|ual  diameter,  so  thai  the  mercury  rises  in  one 
branoh  by  jnst  »s  much  as  it  falh<  iu  the  ulher.  To  fiud  thu 
height  of  the  barometrto  c-olumn  the  tulte  i^  shifted  by  means 
of  a  Bcrow  lielow,  until  th«  surface  of  the  mercury  in  the  short 
brHUch  stands  at  the  zero  of  the  scale,  or,  when  the  scale  is 
fixed  with  respect  to  the  tube,  both  ends  of  the  merourial 
culomn  ore    read.     Tbe  mercurial   barometer  iHissesses   the 
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disftdvaiiU^;!;  uf  being  inconrenieatly  henry  and  long.  This 
inconveuidQce  U  of  uu  small  (xinsoqaence  when  instruments 
have  to  be  transported  fiom  pla<.'0  to  ploce.  Metallic  ba)-cmeter», 
in  wbioh  the  atmospheric  pressure  is  held  iu  c(|iiilibnum  by 
the  elasticity  of  h  solid,  are  free  Irnm  these  objectionable 
ieatorea. 

Iu  Villi's  aneroid  laromcter  {sprint/  hartnnetar),  the  pressure 
of  the  air  acts  agaiust  the  tbiu  corrugated  top  of  a  metallio 
box,  from  vfhich  Ihe  uir  ha.'^  been  partially  exhausted,  and 
bends  it  inwaril  nmre  nr  lew.  act^unliug  to  the  intensily  of  tho 
extemBl  Mimosplierii*  pressure.  By  a  suitable  system  of  multi- 
plying levers,  the  motion  of  the  top  of  the  httx  i.s  trausmitlcd 
to  a  |Kiiiiter,  which  playn  al>ove  a  dial  face.  When  the  dial  htv* 
been  graduated  by  compurtsuD  with  a  mercurial  barumcter,  the 
position  of  the  pointer  iudieotes  directly  the  intensity  of  the 
atmospheric  pressure. 

The  Wrometrii!  height  of  TCO  mm.,  given  above  and  called 
noriaal  laromeirie  heiijkt,  rorrcsponds  to  the  pressure  of  the 
atmosphere  at  the  surface  of  the  sea.  At  higher  altitud(.>» 
where  the  prcesure  of  the  atmosphere  \»  leeH,  the  barometric 
column  is  correajKjn^Uufrly  lo«'or.  In  I'otosi,  for  example, 
altitude  4.30U  m.  above  the  »ea,  the  height  of  the  bar^miotor  is 
only  471  mm.  From  the  twa-level  one  must  rise  10'3  m.  to 
shorten  the  mon'urtal  (^)hnim  by  one  millimetre.  Kt  higher 
sltitudcH,  nhoro  the  density  of  the  air  in  \vfsi,  a  greater  change 
tA  altitude  it  needed  to  products  the  name  diminution.  From 
Totosi,  for  example,  a  t\s»  of  [(i'8  m.  is  needed  to  produce  a 
tail  of  1  niiu.  iu  the  barometer.  Since  the  law  of  dimiuution  of 
atmospherie  pTeswure  tvith  iner«fl.>>ing  attitudes  is  known,  the 
altitude  of  any  place  aUtve  tho  sea  may  be  comjuitod  from  the 
barometric  height  at  that  place.  This,  of  course,  implies  that 
the  barumeloruiaintAiua  at  every  place  u  deliuito  height.  Thi^ 
is,  however,  not  true.  The  atmospheric  pressure  at  any  given 
place  changes  incesgantly.  When  the  barometric  height  of  n 
place  is  spoken  of,  the  mean  height,  determined  aa  a  mean 
val  ue  fWm  uomerous  observatitms  extending  over  loug  iutervalu 
of  time,  is  meant,  lly  the  altitude  of  a  place  above  the  aea,  no 
mean  the  altitude  computed  from  thic:  mean  baiometxic  height. 
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Kxporionoo  bus  shoK-u  that  thd  mean  value  for  any  given 
atatiun,  lies  about  midwaif  betwoen  the  least  and  groatost 
ofnervftl  values. 

Tbu  laift-meiitiiiued  fluctuations  of  the  liarometric  lieighl, 
ufttiiuoH  of  oonuderable  magnitude,  arise  from  disturbances  of 
iho  oiinililiriiim  nf  the  atintisphere,  which  latter  precede  or 
iM.Mjwm|Tiftny  changes  m  the  weather.  Tt>  this  connectiou 
between  the  weather  and  the  atn)08|>hcric  pwesure,  the  baro- 
meter owes  its  reimtatitm  .Bit  a  weather  ptxiguosticator  and  its 
claims  for  a  plai'o  aiiioog  household  utensilg.  Aceonltngly 
barometers  are  frequently  supplied  with  weather  seale$  which 
t-arry  iWmi  tieluw  upwnnl  the  wonis :  "  Storm,  Much  liain,  Bain, 
or  Wind,  Viiriahle,  Fair,  Drj-,  Very  Dry." 

The  designation  VanaHa,  which  occupies  the  middle  of  the 
iK!$h,  mnrt  bo  specially  <lotermiuod  Fnr  the  place  for  which  the 
baroinetar  is  doatineil  to  be  used.  Since  atmospheric  pressura 
is  transmitted  in  all  directions  with  e<:)Qal  intensity,  the  same 
almosphrrir  pressure  obtains  within  the  rooms  of  our  dwellings 
««  without^  even  though  the  doors  and  windows  be  kept  closed. 
The  barumcter,  Iherefore^  need  not  be  suspended  outdoors,  but 
may  fiUud  under  cover  in  a  well-protected  jilaoe.  Whererer 
the  barmueler  is  ust^l  it  must  be  reinembere-l  that  mercury 
extMiids  with  be«t  and  in  mnde^jn^ife  tbereuf  becomes  ligbtar. 
As  a  roButt,  eren  when  the  atmospheric  pressure  is  ooBStaat, 
Um  height  of  the  baruntutcr  will  vary  wbtn  the  tafpeMtum 
Tvies.  It  has.  however,  bem  agreed  thai  the  height  of  the 
inorrnnal  tvlumn  at  leto  de(rT«<«  sltall  he  xtaed  as  a  standard 
fof  atnuvipheric  prvtHiuei  Since  the  law  of  expansioa  of 
mercury  is  knoim  (it  is  g^^  for  1'  C),  the  small  correetioB. 
which  must  be  ap{4ied  to  the  ohsefred  height  of  the  baroa«feer 
lo  Tt^lllt'«  it  to  (y  is  easily  cvmpated,  proTided  that,  when  the 
harv^mrler  is  rrad.  the  tempeimlure  i^  the  menmry,  as  isdicslcd 
by  an  atutchetl  ihenuoatMer,  be  abo  read.  The  cxpanacn  of 
th*  snUa  must  *Uo  be  considered.  The  mercurial  it^tlnmn  is 
futtherm\«rp  Aunewhai  l.>«v>red  by  natna  of  Am  sarian  tMMoa 
ot  its  >MBiw««.  This  c«|Ml)anr  defmaBaaB.  jrhich  is  sDaaOar  tha 
the  tube  i  with  euten  haiunaMcaV  mnst  be  added  to  the 
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82.  Boyle'B.  or  Mariotte's.  I»w. — Every  one  is  familiar  frum 
childhood  with  the  pop<gua  and  its  effects.  The  ends  of  a  tube 
are  clo«ed  with  close-fitting  corks,  between  which  is  contained 
a  column  of  air  having  the  miuQ  denaity  and  pressure  as  the 
outside  air.  When  ono  of  the  corks  is  driven 
inwanl  by  n  |iiat4jn,  the  pressure  on  the  column 
of  air  iucreftses  as  the  piston  is  driven  inward, 
nntil  the  other  cork,  unable  longer  to  resist  this 
pressure,  suddenly  Qies  out  with  a  report.  .Kvery 
one  has  tdao  f>btterved  that  when  he  opens  a 
iJose-iitLing  jien-iuRe  u  re«istttn(>e  U  perce])tible 
which  increa-ses  the  farther  he  drawji  the  lid  off. 
until  finally,  after  exerting  cunsidorablo  foreo. 
the  case  opens  tvith  a  smart  eroclc  The  air 
enclosed  within  the  case  posseesod  at  first  the 
same  pressure  and  the  same  denHity  aa  the  anr- 
roundiuf;  air.  But  while  the  cover  is  bein^^ 
drawn  off,  the  air  within  exjmnds  into  a  larger 
and  larger  space,and  in  a  corresponding  degree 
doeB  its  pressure  beo^nie  less  than  that  of  the 
outdde  air,  so  that  the  excess  of  pressure  of  the 
outside  over  the  inside  air  resists  thewitlnlrawal 
i»f  the  eover.  Boyle  (IHOi)  and  ^lariotte  (1679) 
were  the  dr>it  to  discover  the  exat^t  C4>nuectiuu 
between  prenorc  and  volume  of  a  gas.  This 
oonnectioQ  may  be  .shown  by  the  fi>l  lowing 
mothod.  Two  glass  tubc^t,  one  uf  which  is 
doeed  by  a  glass  stop-cock  at  one  end  while  the 
other  is  left  open  at  both  end.';,  ai-o  connected  by 
means  of  a  rubber  tube.  The  latter,  as  also  a 
portion  of  the  gbiHs  tnbes,  is  filled  with  mercury. 
The  tubi-s  are  cIain[)C<l  in  bbH-ks  whi^-h  may 
be  raised  and  lowered  aloug  a  wrtic-al  dtuiidard, 
graduated  in  cm.  and  mm.  AMicn  the  cock  is 
u}ien  the  mercury  stands  at  the  same  height 
iu  both  tubes.  This  will  still  remain  true 
GTOD  if  the  cuck  be  ctoMe^l,  aince  the  air  included  in  the 
oloeed  tube  exerts  the  same  pressure  m  that  acting  on  tha 
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mercary  in  the  open  tnbe.     If  now  the  open  tabe  is  raised, 
the  merciii7  rises  in  both  tubes,  though  quite  slowly  in  the 
closed  tube,  since  the  air  confined  above  the  mercnty  most 
be  com]»e3sed.    When  this  air  is  compressed  to  exactly  one- 
half  its  initial  volome,   it  will  be  foond  that  the  mercnrial 
ccJnmu  in  the  open  tnbe,  reckoned  from  the  surface  of  the 
meroory  in  the  closed  tube,  is  exactly  equal  to  the  height  of 
the  barometric  colnmn  at  the  same  instant.    The  pressure  of 
the  confined  air  now  holds  in  eqnilibrinm,  besides  the  iveesnre 
of  the  atmosphero  acting  in  the  open  tnbe,  the  pressure  tA  this 
oolomn  of  mercury,  which  exactly  equals  the  pressure  of  the 
air.    The  confined  air,  now  compressed  to  one-half  its  original 
rolumo,  exerts  a  prassnre  eqnal  to  double  its  fonnCT  pressnre. 
i.«.  it  exerts  a  pressure  eqoal  to  twice  that  of  the  atmosjdieie,  at, 
mwe  briefly,  a  {Hessure  of  hto  ofnotpAfm;     If  the  confined  air 
lie  compressed  to  (me-thiid  its  initial  volnme  by  raising  the  open 
end  of  the  tube  still  higher,  it  mnst  support,  in  additirai  to 
atmospheric  pnesore,  a  column  of  mercury  eqnal  to  twice  the 
height  of  the  banHueter,  t^  in  all,  a  pressure  of  three  atmo- 
s[^enG,  etc.    If,  finally,  the  open  tube  be  depressed  below  the 
point  at  which  the  height  i^  the  mercniy  is  the  same  in  both 
tubes,  the  imprisoned  air  will  expand  and  the  height  of  the 
mercory  in  the  closed  tnbe  will  be  higher  by  4,  or  by  |,  of  the- 
barrancrtric  height,  than  the  snr&ce  of  the  mereniy  in  the  open 
tube,  when  the  air  has  attuned  twice,  three  times,  its  initial 
volnme.    Its  pressure  can  now  hold  in  eqoilibrium  the  ^ikssok 
of  the  air  acting  in  the  open  tube,  only  with  the  aid  of  a 
i>olumn  of  mercury  equal  to  ^,   |.  of   an   atmosphere.       Its 
piCBsnie^   therefore,   wboi    its  Tolume   has   been   dooUed,  or 
tripled,  is  only  ^,or  \,  of  its  initial  pressure.   We  find  thus  the 
law  of  Boyle  and  Mariotte  commontr  known  on  the  Otmtinent 
as  Mariotte's  law  and  in  England  as  Boyle's  law  :  The  fraauie 
of  a  ^nn  juamtity  of  yas  is  t»rrrWv  as  tMe  nNTwn^,  or  dmeH't 
as  the  tfteifie  ^rarity,  or  denaitv,  prorided   the  tempetatitre 
remains  the  same. 

If  p„  and  Vv  dnkote  the  (vwsoi:^  and  Ti.>ltiine  of  a  gaseous 
mass  in  its  initial  condition.^  aut.1  r  the  same  magnitudes  in 
any  other  conditiim,  we  shall  have  from  this  law.  p  :  p.,  =  r^  :  r. 
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or,  jw  =  pi;U^    Sinew  j)^# is  •  given ooiistantijuaatitj',  l[«riolte'« 
law  may  also   be  expr»<cjte<I  thiut:    the  temperature  remaining 
game,  the  product  of  voimne  atid  pre$»ure  of  imtf  ^aa  is 

Arago  and  Duloag  bare  tested  Jtariotte'a  law  for  the 
at ini)S]>liere,  tf)  pressures  oa  tii^H  &$  ti^euty-sevun  atmospheres, 
by  usiiij;  a  tiilje  attaolieJ  to  a  ship's  mast,  raised  beside  tho 
tower  of  the  College  of  Henrj'  IV..  in  I'aris.  Later  investiga- 
tions by  Regnaul  t  ( 1847)  have  shown  thnt  Mariotte's  law,  though 
nearly,  ta  not  absolutely  exact.  Ue  showo<:l  that  with  increasing 
preesare  osygen  is  compressed  Boinewbat  le^es,  and  other  gaees 
Muuewhat  more,  than  Mariotto'g  law  requires. 


M.  Buromatrlo  Tonanla. — From  MiiriolUiV  luw.  vre  may  now  (Ienv«  the 
law  aci.'ur(lin|z  to  wliicli  the  atmodjilierk-  pra«uro  iliniiiiishm  willi  tncreaBed 
fhvB^on.  li  A  deriolo  die  bi^igbt  of  die  iMrometcr  in  milliiDet«ni  at  any 
•Itftnde,  ami  the  tiariiiiieler  be  carried  froin  this  rioint  0116  BMter  ItiglMir,  tira 
column  of  mercury  will  falJ  by  a  siiinU  purtian  whose  weight  woula  «xaclly 
enaai  the  weight  of  th«  atmoFplivric  culumn  of  tlie  same  oroBs-eeatiOR  as  tbn 
nwrotVT  eolumii  and  one  m.liigli.  Siime  water  is  773  timei  w  heavy  oa  air nt 
n^,  ana  TSOmni.  prenutv,  and  mercuiy  is  13-$timog^  heavy  as  water,  auri 
vinco,  farther,  tbe  deiwitim  uf  tho  air,  front  Marinttc's  Ion-,  ara  as  t :  760,  tlie 
height  of  titu  liltla  raurcurial  columti,  wbdM  woigbl  dquala  that  of  th«  atmo- 
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i^phcric  column  1000  mm.  high,  li  only, 
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mm-    The  height  of  the 


1«ro«netrio  cobitnn  b,  tlicreftire,  in  the  latter  jxishioii  is  gircn  by  tho  ibnnuU 
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whcro  tho  Duml>ci  in  paroothcsis,  which  is  a  proper  fraction  diflVritig  but  little 
from  unitj,  ia  d»igiiatc(I  by  i.  Th«  harofQBtric  hoight,  then,  at  a  Btalioii 
1  m.  hi^bor  than  a  given  station,  !n  found  bj  miiltip lying  tlio  height  of  lb? 
barometer  at  the  lower  station  by  tlu:  tiuiabcr  It.  U  then,  the  altitude  of  the 
■lati«o  be  oaiioeived  to  change  br  1  m.  iooreinentit,  at  an  altitnili:  '2  m.  above 
the  initial  atation,  the  baroiii«tric  nelght  fr,  s  ith,  =  k.k.h  =  £*fr,  at  3  m.  above 
tif  =  ifij  =  l^b,  etc,  and  finallr,  tbo  twrometric  height  6'.  k  inoUirs  above  tlio 
iaitia]  Rtation  ia  6'  =  A*6,  wbicli  la  tlio  law  of  diminution  of  barometric  hoight 
with  mcr«aniig  altitudes.  If  b  and  b'  denototbe  baronietric  hci<:lit  at  a  lower 
nnd  ahigber  Mstion  reqwcti>'ely,  by  mcana  of  this  **  baromrrmc  formula,"  tho 
■llfference  in  altttiide  of  tlie  two  statiunn  in  readily  computed.     We  find  easily 

>^=  -^t^iogl -U,Sb). 

or,  if  the  above  aumeriwl  value  for  A  bo  anbetitntod  in  nictera — 

til  these  formulas,  of  course,  di/TervufM  of  teinpeiature,  of  rooiatnie,  and  of 
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gmitatioDd  efiecta  Kt  the  two  sUtioDS  bare  been  neg^cted.  To  get  more 
aeeanXt  fonnnlaB,  sDttO  ccnectioos  voold  have  to  be  intoodDced  de^endu^ 
^oo  these  circainatuices. 

84.  Maaameten  are  instnunents  for  measuring  the  t^isiun 
(^  gaaes  uid  vmpoozs.  The  ope»-air  wtanomeUr,  used  <wdiiianlT 
tot  measuring  piessaiee  vMch  differ  but  little  from  atmospheric 
pressure,  in  its  amplest  form  ctmsists  of  a  bent  glass  tnbe^  one 
linnch  of  which  cfHomnnicates  with  the  body  containing  the 
gas,  while  the  other  is  open  to  the  admission  of  air.  A  small 
quantity  of  mercnrr  is  contained  in  the  bend  of  the  tnhe,  and 
when  the  mercoxy  rises  to  the  same  height,  in  both  btanches, 
the  internal  preasnre  is  the  same  as  the  external  {vessnie  of 
the  atmosi^ere.  If  the  intesnal  pressure  exceeds  the  external, 
mercnrr  rises  in  the  open  toanch  until  the  pressure  <4  the 
elcTBted  mercurial  column,  plus  atmospheric  jKessnie,  hold:^ 
the  internal  gas-presnre  in  equililvinm.  A  millimBtcf  scale, 
frcnn  which  the  hei^t  of  .the  column  in  the  open  Inanch  aboTe 
the  sur&ce  of  the  mercury  in  the  dosed  tvanch  is  read,  gires  a 
measure  of  the  excess  <^  the  pxessuie  ci  the  gas  above  that  of 
the  air,  and*  if  the  pressure  of  the  gas  is  dedied  in  tmns  oi  the 
height  of  a  mercurial  column,'  the  iodication  of  the  scale  must 
be  added  to  the  height  of  the  baiometa  at  the  instant  of 
obseiration.  With  very  small  differences  of  pre^ure,  such,  for 
example,  as  is  inrolTed  in  determining  the  piesute  of  gas  in 
a  lead-pipe,  the  manometer  may  be  tilled  with  water,  which, 
being  yI  f  ■^  heary  as  mercury,  will  give  13-6  times  as  great  a 
variation  for  the  same  fluotuatiun  in  pressure.  With  very  heavy 
pressures  the  open-air  manometer  would  be  v^ry  inconTenient. 
from  the  great  height  needed  for  the  second  branch.  Tcr  such 
pceasuzee  the  doaed  mamometer  is  n$ed  [om/.  71 1.  In  this  form 
of  the  instrammt  the  second  Iwanch  is  doeed  above  and 
contains  a  quantity  uf  air,  confined  within  it  by  the  m«ciuy. 
According  to  Mariotte's  law,  as  the  merenxial  column  rises  the 
pressure  of  the  imj»isoned  air  increases  inversely  as  its  volume. 
This  pressure  is  read  in  atmospheret^  fn>m  a  scale,  etched  on  the 
tube  and  graduated  in  accordan^-e  with  Xariotte's  law.  The 
indication  of  this  scale,  added  to  the  pressure  oi  the  elevatetl 
column  of  mercury,  gives  the  (iressure  of  the  env'I>.k<ed  gas,  or 
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BteAiu.  The  metal  maMmtettr,  frequently  applied  to  the  detcr- 
ainatioD  of  steam  pressures,  cotisists  of  a  bent  tube  of  tliin 
elastic  metal,  nbit'li,  <jd  theHdmission  of  steam  into  it,  straightens 
oQt  by  an  amount  (le[BQndiiig  nn  the  pre«sure  of  the  steam.  The 
deformatiom  of  this  tulte  Hre  tratiKferred  by  a  Huitable  system 
of  lerere  to  a  jiointer  which  indic»t«s  by  its  positiou  with  respect, 
to  an  ex  per  imen  tally  graduated  st-ale,  the  preaaure  of  the  ateam. 
89.  Tlie  Air-pump  Is  an  instrument  by  irhich  the  air 
coiitaiued  witliiu  u  clu^iecl  apttce  may  be  rarefied.  The 
instrumoiil  invented  in  IttiiO,  by  Otto  von  Guerieke,  accom- 
plished the  rarei'action  by  means  of  a  piston  moving  within  a 
hollow  cylinder,  or  barrel.  Its  essential  parts  can  be  most  readily 
DuJerstoud  by  au  explanation  of  the  bund  uir^pamp  (i''ig-  Ttf). 


Pm.  79. — Htuicl  Alr-pumiN 

piston,  31,  can  be  moved  upward  and  downward  in  the 
barrel.  NN.  by  means  of  a  handle  attached  to  the  piston-rod. 
The  cbaunel,  Mefgh,  leads  to  the  l>arrel  from  the  apace  from 
whif'h  the  air  is  in  be  exhaiiBted.  This  sn-c-allod  reeeiaer  con- 
sists usually  of  a  gluas  jar  with  carefully  ground  ed|;es  fitting 
air-tight  to  the  oiled  HUrface  of  thit  plate,  I'r.  The  ^jorfumted 
piston,  OP,  is  pnivided  with  a  valve  constructed  by  binding 
over  the  upper  opening  of  the  portion  1\  a  piece  of  bladder  in 
which  at  the  fides  of  the  opening  two  slit^  are  cut.  A  similar 
valve  lies  at  tlie  bottom  <>f  the  liarrel  at  il*.     Jioih  valves  open 
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by  pressure  from  below,  aail  (iloKe  by  prasKure  from  above.  If 
the  piston  U  dravru  iipwanl  while  the  titiip-cuuk,  ur  Lap,  e,  U 
open*  the  air  in  the  re[;eivcr  and  the  caual  expiuitla  into  the- 
larger  space  opeued  tu  it,  Hftiug  tbo  \alve  ftt  k  by  iLt  presHort.*. 
and  flowing  into  the  barrel  behind  the  piston.  Meanwhile  the 
pislou-valve,  I',  remaiu-t  closed  by  reason  of  the  pressure  of  th» 
external  air  upon  it.  If  the  piston  ig  now  ileprettseO,  tbo  air 
nitliiii  the  barrel  in  again  condensed,  \t»  [fietwuie  (^losing  the 
valve,  k,  and  cutting  oft'  the  rhimiiel  leadiug  to  the  receiver. 
The  enclosed  air  wmu  uttuitut  u  prewMuro  stroug  enough  to  »pe»i 
the  valve  of  the  piston  and  paae  out  through  the  opening,  O, 
white  the  air  in  the  receiver  and  in  ihechanne!  remains  rarefied. 
When  the  piston  has  i-eachod  the  bottom,  and  tlie  air  in  x\w  barrel 
lias  passed  entirely  through  the  piston  valve,  the  same  procetw 
repeats  it.self,  the  niretied  dr  being  still  further  rarefiwl  in  the 
tiomo  manner  as  before.  [tisap[)firentfrom  thistliatnftfir  aanffi- 
4tiently  grxMt  Quml>er  of  repetitions  of  the  motion  of  the  piston 
back  and  forth  in  the  barrel  the  receiver  can  be  exbatiste'l 
to  any  degree  of  mtefaction  desired,  though,  of  eoiirse,  tbo 
exhaustion  can  never  be  mode  complete.  The  rarefactiuu  must, 
of  ROurM,  (^eaine  nhen  the  temiion  of  the  air  betieath  the  piston 
is  no  longer  able  to  lift,  the  valvt%  V.  Sujipose  now.  the  receiver 
to  be  cut  otV  during  ihe  uacent  of  the  piston  in  tiie  Iwriel.  Thf 
oir  contained  in  the  bane!  below  the  piston,  when  the  piston  in 
liown  (within  which  small  upace  the  tension  of  the  air  oan  never 
sink  lielow  external  atma^pheric  pressuro).  will  ex])and  and  fill 
the  entire  barrel,  and  the  density  of  this  sir  will  Ije  to  tUiit  of 
the  atmosphere  as  the  little  volume  bct«oeii  the  valves  when  the 
piston  is  down  is  to  the  volume  of  the  barrel.  If  the  air  in 
the  receiver  has  already  been  rarefied  to  this  same  degree,  no 
more  ur  will  pass  through  tho  valve,  it,  and  all  further  pumping 
is  neoloss.  Tho  alleniato  connection  of  the  barrel  with  the 
receiver,  and  with  the  air,  can  be  ac(-ompli*hed  either  by  valves,  or 
by  stop-cocks.  The  degree  of  rarefaction  attainetl  is  determined 
by  barometric  tests.  A  glass  tiilie  76  era.  long  has  its  lower 
end  immersed  in  &  vessel  of  mercury.  This  tube  is  bent  at  the 
top,  end  by  means  of  a  rubber  tube  may  be  eontiecied  with  a 
side-tube  of  the  air-pump  by  means  of  the  Bi<ip-oock,  h.    When 
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the  cock  is  oj>en  the  merciin'  rises  in  the  tulie  until  its  elerated 
(»>liimD.  plus  the  tension  of  the  internal  raretieiJ  air,  holds  in 
<i<)iulibriam  the  tension  of  the  ext«malatiiios|>liere.  The  internal 
tension  is  then  obtained  hy  siihtraotiug  the  height  of  the 
oolunm  of  mercury  in  tbis  tube  from  the  Bimultaneously 
<»b«'erved  barometric  height.  If,  for  example,  the  column  of 
mercury  have  a  height  of  T4U  mm.  when  tho  baromotrio  height 


Fin.  90. — DAU)>U>'tArrtt1lM]  Air-|mup. 

I*  750  mm.,  the  inner  teiwiou  i-miuls  tliat  of  a  ooUimii  of  morcur%' 
10  mm.  high,  and  is  therefore  only  ;V-'W,  or  -'-,  of  the  original 
■tmoKpheric  pressure.  Since,  aocordiug  to  llariotte's  law,  the 
deoaity  of  atr  Ih  at  its  tension,  it  follows  from  this  that  the  air 
in  tbo  receiver  is  reduced  to  ~K  of  its  initial  density.  For 
experimoDtal  parjiosofl.  air-pnmps  with  two  barrels  (Fig.  80, 
dovUe-harrelied  air-pmnp)  are  oplimirily  iiaed.     The  piston  rises 
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in  one  barrel,  while  it  sinks  in  iho  other.  This  motion  is  accom- 
plished by  a.  UK)thed  wheel,  engaging  on  both  sides  in  u  rack 
in  which  the  iip|)er  euil  dI  the  jHRton'riid  termiuat-os.  The 
hnmiful  iuflueu^s  of  the  little  sjiaee  referred  t<) 
above,  between  the  valve«,  'm.  iu  tlie  double-barrellod 
puioj),  reduced  by  cutting  thi;  right  barrel  off  from 
the  receiver  with  a  throe-way  stop-cock  (Gtasa- 
man's,  or  Babinet's  stop-cock),  and  at  the  same 
time  iu}nne('tin|i;  it  with  the  left  barrel,  after  the 
limit  of  rarefaction  Iira  been  reached  in  the 
iirdinary  way.  The  left  piston  sinks,  driving 
the  rarefied  air  «ithimt  cnudonaation  into  the  right 
barrel,  go  that  the  injurious  epace  can  be  filled 
only  with  rarefied  air.  To  test  the  degree  of  rare- 
faction barouiGtrit'aily,  with  lUesft  more  perfect  air- 
pnmjw,  the  shortened  barometer  (Fig.  81)  is  nsed.  f 
This  L-oiistiMts  of  a  ll-shaped  jrlass  tube,  with  one 


*■'"■  •*'■—  ojien  and  one  clused  braurh.  Mercury  fills  the  bend 
Uummoiiir.  And  the  closed  branch,  which  latter  ts  much  shorter 
than  in  the  usual  barometer.  The  mercury  does 
not  iK'gin  to  sink  until  the  tension  of  the 
rarefifld  air  in  the  open  branch  has  been 
rediioeil  ti»  less  than  one-fourth  of  atnui*- 
pherir  tension.  Thedirterenceof  the  heights 
of  the  mercury  in  the  two  bmnchea  gives, 
then,  the  tension,  and  accordingly,  also,  the 
dennity  of  the  air  Ih  the  receiver. 

TLe  air  in  a  receiver  may  also  be  rarefied 
by  putting  it  in  connection  with  a  Torri- 
cfilliau  vacuum  (con/.  81).  The  mercurial 
(ur-])uinp  (Geisslor,  1857)  is  an  apparatus 
resembling  a  barometer,  which,  by  a  repeti- 
tion of  thi.s  procetis  of  connecting  a  r»M}iver 
with  a  vacuum,  ]>ermita  a  considerable  degree 
of  rarefaction.  A  glass  tube,  C  (Fig.  82). 
^"'w^IuT.'^"'  about  Tfi  em.  long,  carries  at  its  upper  end 
a  wide  glass  vessel.  A,  while  its  lower  end 
is  connectod  by  the  rubber  tube,  1),  with  the  glass  vessel,  1!. 
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In  &□  enlarfsfement  of  the  tube,  tr,  into  which  the  ressel,  A.  U 

is)iitinue*l  upward,  a  three-way  tdp,  o,  is  fittoil,  by  whose  means 

the  vessel,  A,  may  be  connei'ted,  oithor  thit»ugh  r  with  the  apace 

from  which  the  air  ia  to  bo  exbauatod,  or  through  t  with  the 

glaas  sphere,  p,  opening  into  the  air.      While  A  ia  open  toward 

p,  the  resitol,   B,  is  raised  until   A  is  completely,  and  p  in 

paKially,  tilled  with  mertrur}'.     If  now  A  in  closed  above  by 

the  tap,  0,  and  the  veasel,  U,  is  gradually  lowered,  the  mercury 

ainlcs  correspondingly.     In  the  tube,  C'.  however,  the  mercury 

remains  at  the  iuHtaiituiietius  hei|<htof  the  burumeter  ubuvo  the 

suriaco  of  the  mercury  in  the  vessel,  ii.     The  apparatus  is 

merely  a  barometer  n-itb  a  very  extensive  vacuum  in  the  vessel, 

A,  with  which,  by  turning  the  tap  properly,  thu  receiver  may 

be   connected.      Alter    the  air 

haH  filled  the  entire  space  ac- 

ceesible   tn  it,  the  receiver  h 

again  cut  otT.uud,  by  raising  the 

vessel,  B,  the  air  drawn  into  A 

from  the  receiver  is  compressed, 

and  after  a  second  setting  of 

the  tap   it    is   driven   outward 

through  p.     This  same  prncefl« 

may   Iw   rofKiated    indetiuitely. 

Mercorial  air-pum]>s  work  slower 

than    pist  on    pum  p^    but   they 

permit  of  a  far  higher  ilegree  of 

rarefaction. 

The  umt^r  a«r*pii»(j>.  orjWfec- 
pmnp  of  BufUMm  (IStiH)  Is  based 
u]x)u  a  whully  different  princi- 
pio.  From  a  reservoir,  or  con- 
duit-, water  is  bronght  through 
the  tube,  ac  (Fig.  83>  into 
the  larger  ttibe,  d,  which  must  not  !«  (U)mplet«ly  filled.  The 
water,  falling  vertically  through  the  Ieud-tnhe,y,  extending  to 
a  distance  of  10  m.  downward,  curries  along  with  it  any  air  held 
between  its  drojM.  ConMquontly,  the  air  contained  in  the  tube 
stem,  which  is  fitted  air-tight  by  means  of  a  rubber  cork  into 
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the  tube,  &.  irill  be  drawn  oat  of  this  tnbe  by  the  TaUiug  w*ler. 
If  the  tube,  at,  be  coanecteJ  with  a  cIo«ed  space,  air  will  be 
drawn  oat  through  «f,  and  within  the  «ncIosnre  a  rare&etioD 
will  ensne,  whose  extent  ran  be  determined  by  means  of  lh@ 
open-air  mauumeter  (pq)  Munerte*]  uith  at  from  the  rising  of 
the  mercury  in  the  branch,  jj,  and  its  falling  in  j.  Hnniien's 
pump  is  extensively  nsed  in  ctiemical  laboratories  for  tillering 
and  drying  precipiutes.  The  tube,  st,  is  then  connected  with 
the  interior  of  a  vessel  upon  which  the  fnnnel  and  filter  are 
placed.  The  external  atmospheric  tension  drives  first  the 
liquid  and  then  air  through  the  precipitate,  and  thnx  rapidly 
dries  it.  Upon  thi.t  same  effect  of  falling  drops  of  litjuid. 
Sprengvl's  memtrial  air-jmmp  is  hoaed.  It  cuin^istM  of  a  glaits 
tube  terminating  above  in  a  funnel  and  dipping  below  into  a 
bann  of  mercury.  If  mercury  ig  pourcl  into  the  funnel  it 
carries  the  sir  in  the  tnbe  before  it  and  throngh  a  tube  opening 
into  the  sid^  beneath  the  funnel,  the  air  may  be  drawn  from 
any  encb^eure  with  wLioh  ihiit  tul»  is  ronnectetl. 

86.  CondejuLDg  Pampi.  or  Coadeiuen, — .Vny  air-pomp  work- 
ing by  taps  operated  in  such  manner  a^  to  draw  in  the 
atmosphere  when  the  piston  rises,  and  to  force  it  into  a  receirer 
when  the  pUton  sinkit,  may  be  catted  a  nMuiMMn^  pan|),  or  a 
eondmuar.  The  appantttLs  nheu  used  in  this:  way,  condenses  in 
same  proporliuu  in  which  it  rar«tie5  when  w^l  conrerselj. 

ipler  appatatos,  specially  designed  for  the  purpose,  are 
Inrdinarily  used  in  coodeusiug  gafes. 

Theiw  instnuneota  are  untially  cumtnicled  as  follows : — In  a 
hollow  cylinder,  to  which  the  receir^  to  be  exhausted  i^ 
sdewed.  an  air-tight  {uston  is  made  to  more  back  and  forth. 
When  the  piston  is  piuhod  in,  the  air  conliucij  bt-neath  it  it 
oumprciTtse^l  and  crowded  through  a  ralre  which  opens  under 
the  increasing  pressure  into  the  receiver.  Vhen  the  piston  is 
withdntAii,  the  inner  teusion  holds  thi«  val%-e  cloeed.  The 
faaitel  is  filled  through  a  lateral  opening  with  air  from  without, 
which,  at  the  next  descent  of  the  piston.  Li  crowded  into  the 
receavcr,  and  so  on.  With  such  a  pump  the  air  may  be  com- 
pceesed  in  the  hollow  shaft  of  an  air-gun  to  ten  times  ita 
oonDAl  leoeion.      If  now  a  trigger  open  for  an  innant  a  valve 
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leading  from  the  alT-cbamljer,  the  pressiira  of  the  escaping  air 
\rill  firlve  a  close-fiitiu^  pitjje(?tile  from  tlie  barrel  with  great 
velocity. 

87.  Diving-bell. — If  a  veaste)  lie  immersed,  mouth  ilou-u> 
uard,  in  water  so  ibat  the  air  h  ]ieM  within  it,  the  water  liseit 
within  the  veHset,  as  it  is  crowdeil  dowtiward,  until  the  tenHiun 
of  the  compressed  air  becomoH  oipial  to  the  pressure  of  the 
outside  air  increased  ^y  tbe  preB»iire  of  a  column  of  water 
whoae  altitude  oijuals  the  distance  between  the  surfaces  of  the 
water  within  anU  without  the  veivtet.  In  diviQg-beII<t  cod- 
Htriictetl  on  this  principle,  workmen  ure  aide  tu  demand  to 
)freet  deptliH  and  to  reniaiu  there  for  a  couxiderable  time, 
breathing  the  nir  containeil  in  the  bell.  The  air  is  continually 
renewed  from  aliove  by  coiidensiiitr  punips. 

68,  Iraununton  of  P)^e*lllre— Bnoy&nor.— From  tbe  facility 
of  the  relative  motion  of  gaseous  p«rti('Ie«,  the  same  laws  hold 
t'nr  tho  tmn.smiK.iiini  of  prej^ianre  in  gaseH  as  in  liquid)*.  The 
jiretwiire  exerted  upon  a  fpia  is  tranitmilted  by  it  in  all  directiouK 
with  equal  intoiLtity.  lender  th<;  action  of  gravity,  a  gaseous 
mass,  A.^.onr  atmosphere,  will  be  in  uqnilibriuin  only  when  one 
and  the  same  prefigure  ubtuiDi^  tbront^hont  any  given  hurizuntal 
layer.  It  is  also  true  that,  even  within  m  man  of  wat«r  whose 
snrfaro  is  exposed  to  atmiwphprii-  pressure,  this  pr*;«gure  is 
always  nilded  to  the  hydrostatic  preswure  at  any  point  through- 
out the  ma»!^  This  is  well  illuHtntted  by  the  Cartesian  diver, 
so  called  from  its  inventor,  Cartosiiis  (Dcscartcfi).  These  little, 
hollow  glofH  figures,  frc()ucutly  ■■xociited  in  fautoatic  forma. 
tilled  partly  with  water  and  pertly  with  air,  with  op«Qings  at 
their  side^.  are  made  i*>  flitnt  in  u  ^XftSR  cylinder  ftllod  with 
water  and  dosod  at  the  top  air-tight  wntb  h  rublwr  niembrana 
Sy  a  pressure  of  the  hand  upon  the  inembmno,  ihi>  air  at  tbe 
t"]iof  the  cylinder  is  rompn-sscnil,  jis  incrcttsed  pressure  \a  tnuis- 
mittod  to  the  water,  and  cruwd-s  the  li.piid  into  the  hollow 
tigures,  which  thereby  become  heavier  and  sink.  If  the 
pressure  be  released,  the  compreiwd  air  in  the  lignre  drives 
tli«  water  out,  and  tb(>  tiguri!.  I)ecumiug  lighter,  rises  again. 
The  divert  may  tbnx  l»e  made  to  riite,  to  sink,  or  to  float  quietly 
at  a  fixed  level 
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The  principle  of  Arcliimedes  also  holds  for  ^ases  as  well  aa 
for  Itqnitls :  any  lody  immenad  in  air  loses  a  weight  equal  to 
that  0/  the  air  it  disi)lacea.  To  prove  this,  snspeml  front  one 
end  of  the  beam  of  u  smull  halaoce  a  Imllow  siihure,  oud  from  the 
other.  B  small  lead  weight  of  such  size  tliat,  when  surrouuded 
by  air  the  combination  will  be  in  equilibrium.  Id  reality,  the 
ephoro  is  heavier  than  the  lead,  and  et|iiilibriiim  upptireutly 
obtains  be(*aiise  the  buoyant  effeot  of  the  air  is  larger  for  the 
sphere  thau  for  the  weight.  This  is  ghowii  by  placing  the 
apparHtut)  imder  the  receiver  of  the  air-piuup.  With  Lucreaslng 
exhouHtiou  the  hollow  sphere  sinks  lower  end  lower;  but,  ou 
adtuissiou  of  the  au-,  apparent  equilibriuin  Is  iramediutely 
restored.  Thia  apparatus,  devised  by  Otto  von  Guericke,  was 
ii&od  by  him  Ui  deterniiiiu  the  dej^ee  of  rarefaL-tion  of  the  air 
ID  the  receiver,  the  Imroinelet-test  beinf;  theu  uiihuowii,  and  It 
is  therefore  called  Gutriches  manometti-  ^Dasymeter). 

If  the  apparatus  just  desi^ribed  be  imiuersod  in  other  gasea. 
the  globe  rises,  or  fulls,  according  as  the  gas  is  spocitieally 
heavier,  or  lighter,  than  air,  because  the  buoyant  effect  of  the 
surrounding  gas  is,  in  the  tirst  case,  larger,  and  in  the  second 
smaller,  than  that  of  the  air.  If,  in  each  cose,  ei^uilibrium  be 
rcHtorei]  by  the  addition  of  weights,  the  added  weights  will 
indicate  how  much  more,  or  less,  a  voUime  of  the  ga»,  equal  to 
that  of  the  globe,  weighs  thau  the  Maine  vtdimie  of  uir,  and 
from  this  leeults  immediately  the  specific  gravities  of  the  gases 
(Lommel,  188G).  In  ac<?urate  weighing  the  buoyant  effect  of 
the  air  must  be  considered,  the  apparent  weight  being  iDcreni^d 
by  the  small  effect  due  to  atmosjiheric  buoyancy,  to  give  the 
true  weight  as  it  would  bo  obtained  iu  a  {xirfect  vaimura. 

If  tliu  weight  of  a  body  is  less  thau  that  of  an  equal  volume 
of  air,  it  will  rise  with  a  force  equal  to  the  excess  of  the  latter 
weight  over  the  former,  if  left  tt>  float  freely  in  the  atmosphere. 
It  will  continue  to  rise  imtil  it  rencheis  a  layer  of  the  atmo* 
sphere  whose  weight,  volume  for  volume,  is  equal  to  its  own. 
Balloons  are  such  IkkIIcs.  They  are  composed  of  ooversof  light 
material,  tilled  cither  with  hot  air  (Moutgollior,  17)^2),  or  some 
other  gas  lighter  than  air,  such  as  hyilrogeu,  or  illuminating 
gas  (Charles,  1783J. 
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89.  Some  Applicatiou  of  Atmoipfaerie  Protinit. — Tbe  »ipJtOH 
is  luuslly  ft  l)eut  tnbo  trith  two  unequal  branches,  and  im  used 
for  Iransferring  liquids  1*todi  one  vessel  to  anotbor  by  the  aid  uf 
Htmuspherlc  pressure.  If  tbe  short  branch,  b$,  of  the  tube,  a^t 
(Fig.  Bi),  filled  with  li<|utt],  be  immenied  in  a  mass  of  liquid, 
the  prcrwuTO  of  the  air  at  both  cndi^  <if  the  tube  win  upward 
with  tbe  same  intensity.  lu  the  short  branch  of  tbe  tube,*bow- 
orer,  the  pressuN  of  a  columu  of  liquid  whose  height  equals  the 
vertical  distaniN]  from  the  surface^  of  the  liquid  in  tbe  vessel  bi 
tlie  highest  jioint,  s,  of  tbe  lieiul  of  the  tiilie,  acts  against  atmo- 
spheric  pressure,  while  in  the  longer  braii<_-h  the  higher  columu, 
extending  from  the  mnutb,  a,  vertically  to  the  hori3H>iital  plane 
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through  3,  reacts  against  this  pressure.  The  exoeae  of  atmo- 
spheric pressure  in  the  shorter  branoh  of  tbe  tube  iB  then 
greater  than  iu  tbe  lunger,  aud  since  this  excess  is  directeil 
upvard,  the  liquid  must  n^e  in  the  shorter  tul)e  and  flow  out 
at  the  mouth  of  the  longer,  until  either  tbe  mouth  h  uu  longer 
dips  beneath  the  surface,  or  until  the  »urfa<%  of  the  liquid  in 
tbe  veaael  lies  in  the  same  horizontal  plane  with  a.  The 
abeolute  magnitude  uf  the  atmoephoric  pressure  is  of  uo 
i^onnequeuce.  The  work  of  moring  tho  li(]uid  U  done  by  a 
force  de[>ending  only  on  the  diffamee  in  ietd  between  the 
surface  of  the  liquid  and  the  month  of  thu  siphon.  In  order 
Uiat  tbe  siphon  may  work,  however,  its  highest  point  must  not 
lie  higher  above  the  surface  of  the  liquid  than  the  length  of  th^ 
columu  of  liquid  which  will  bold  tho  pressure  of  the  atmosphere 
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in  orjailibriaiD.  For  mernnrjr,  therefore,  the  bend  mtuc 
iwjt  be  higher  than  IWi  mm.,  am]  for  water  ool  higher  than 
10  m..  ttiixvc  ifan  liiiuiil  lerel.  Under  the  receirer  of  an  air- 
puiuj)  ibu  aififaitu  rufuno*  \»>  act  bh  wKjn  as  the  preemre  of  the 
air  beeoioM  Jaw  than  that  of  the  liquid  oolumn  in  the  shorter 
bnaoh.  That  the  prewtim  of  the  air,  a,  acts  thns  inay^  be  proved 
by  ^b»  ap]wraiiw  of  Fig.  85.  The  siphon^  ab,  whose  longer 
bfaneh  dipt  beneath  the  mirface  of  the  water  in  tho  fniutel,  i^ 
coiniiiiHiictLlot  by  meeiiii  of  a  perforated  cork  with  the  neck  uf 
A  flank  lilleft  with  wiLtor.  Through  another  opening  of  the 
ourk  a  lube,  00,  paiiWM,  which  terminates  jnst  beneath  the  oork. 
If  now  the  tnbe,  cc,  be  kept  closed  with  the  fin^  »fler  the 
iriphon  hax  Itegiin  to  Dow,  u  small  quantity  of  water  will  still 
iMintinuo  to  iwm,  and  since  air  cannot  outer  the  vessel  through 
ibe  doeed  tnbe,  the  air  within  the  tube  must  expand.  Its 
l«Bnon  will  therefuro  docrcaw  until  the  excess  of  pressure  of 
the  air  outaide,  uvor  that  inside,  holds  in  equilibriam  the 
dilTomice  of  prewuro  of  the  longer  coLomn  of  water  and  the 
flhorter.  At  this  {mint  the  siphon  will  coaw  to  act,  beceiute 
the  water  it  contains  is  thit^  held  in  e(|nilibrtiini. 

Thii  device  is  nsed  in  practice  as  un  auiomatic  ivathiiuf 
apparatiu.  where,  in  washing  precipitates,  it  is  desired  to  keep 
tho  Alter  tilled  to  a  fixed  height  with  water.  If  tho  tube  ec, 
having  its  end  bt^nt  downward,  bo  brought  exactly  tu  the 
Kiirfiice  of  the  water  in  tho  funnel,  when  the  water  flow?  through 
thn  Kiphon  toward  tho  fnnnel  and  the  level  of  the  water  rm-^ 
slightly,  the  mouth  uf  the  tube  <x  will  lie  gnulnally  closed 
by  tho  rising  water  and  the  flow  retarded.  An  soon  as  the 
gTmhiftlly  sinking  water-level  in  the  funnel  <ip(>nB  the  month 
of  the  tube,  e,  for  a  moment,  and  thereby  o'.lmits  a  quantity 
of  air  into  the  flafik,  the  siphou.  ab,  will  again  l>egin  to  aet. 
The  siphon  is  ordimirily  tilled  by  immersing  the  shorter  branch 
in  the  liquid  and  drawing  with  tho  mouth  at  the  end  a  (Fig. 
84)  of  the  longer  branch.  This  rarefies  the  air  in  the  tube  ao 
that  ita  preewire  becomes  lew  than  thiit  of  the  air  untjtide, 
which  is  also  the  pressure  on  the  surra4:c  of  tho  liquid  in  the 
vmmI,  and  the  latter,  eon-iequontly,  drives  the  liquid  tip  into 
the  tube.    With  the  apparatiux  of  Fig.  8.5  tho  siphon  may  be 
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sUrtt-a  liy  blowing  in  the  tube,  cc.  The  air  in  the  flask  i» 
thereby  eondenaed,  its  pressure  becoines  greater  thau  that  of 
thi;  extemol  air,  and  dmoa  (he  water  into  the  siphon.  To  Gil 
the  siphon  cunveniently  by  suction  without  danger  of  drawing 
into  the  mouth  corrosive,  or  poisonona  liquids,  a  lateral  tube,  t 
(Fig.  86).  18  attached  to  tho  longer  branch,  at  the  upper  end  '»f 
which,  after  closing  the  tnbe  at  b',  tlie  experimontor  draws  with 
bis  month  until  the  liquid  begins  to  rise  iu  the  little  bulb 
(poison  giplion).     Any  nibl>er  tube  may  be  used  aa  a  aiphon. 

If  a  glass  tnmblor,  UUed  with   water,  be  coFcrcd  with  a 
*liGet  of  [laper  and  inverted,  the  water  dtien  not  tlow  out.     The 


Vm. »!.— rotion  Siplioii. 
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proMure  of  tho  air  acting  upward  against  the  paper  with  siiffi- 
f'ienl  intensity  to  sustain  a  coliimu  of  water  10  m.  high, 
prevents  the  wnter  from  flowing  ont.  The  paper  merely  jtru-- 
vetits  the  water  and  air  from  exchanging  places  while  tho 
tumbler  is  bring  reversed.  If  the  mmith  nf  (he  vessel  is  quit^ 
narrow,  so  that  a  well-rounded  drop  of  water  may  form  over  it. 
no  paper  will  bo  needed.  The  snrface  tension  of  the  meDiaoas 
will  l«  suflicifiit  Iu  exclude  the  air.  Th&  jyipette  depends  upon 
this  jtrineiple.  It  consists  uf  a  tube  opeu  at  both  ends,  ood- 
tracting  both  ways  from  the  middle,  as  shown  in  Fig.  87.  It 
w  nueil  to  procure  from  casks  and  other  cJcseil  ressels  small 
purtioiui  of  liquids  for  testa.  If  one  end  <tf  the  pipette  be 
inMtlod  into  the  liquid  and  the  other  end  be  left  open,  it  BIls 
ti\  the  level  of  the  outride  licpiid.  If  now  the  upper  end  he 
ricised  air-tight  with  the  thumb  and  the  pipette  raised  out  of 
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the  liqnid,  a  smiU  portion  fiovs  out,  the  air  amBnoJ  in  the 
upper  portion  of  the  tnbe  expands  and  its  tension  falls  below 
that  of  tlie  air.  until  tbe  latter  bei-omes  etgoul  to  tho  tntenul 
jireftstire,  pliis  the  preasure  dae  to  tho  liquid  colmun,  vher*^ 
upon  e'luiLibrium  is  established  and  tbc  liquid  romains  in  the 
tnt>e.  By  raiding  tbe  thumb  and  admitting  the  air  above,  any 
d»tiied  amount  of  the  liqnid  may  be  dropped  into  a  virssel, 
and  by  again  closing  tbe  tube  with  tl>e  thumb  the  outflow 
will  again  cease.  To  till  the  pipette,  the  lower  end  may  be 
immemd  in  tho  liquid,  when,  by  drawing  with  tho  month 
at  the  upper  end,  the  air  within  is  rarefied  and  its  presnire 
correspond ingly  diminished,  until  the  pressnie  of  the  air  on 
tbe  surface  of  the  liquid  In  the  vessel  tills  the  tube.  To  be 
able  to  determine  accurately  the  quantity  of  tbe  liquid  used 
for  the  teft,  these  pipettee  are  fretguently  graduated  to  cubic 
centimeters. 

Mariotte'i  JIatk  (166f!)  is  a  la^;e  bottle,  or  flash,  vith  a 
lateral  opening  bolow  and  provided  with  a 
close  fitting  cork,  through  which  a  glass  tube 
passes  air-tight  (Fig.  88).  If  a  portion  of  the 
nater  ivmtained  in  the  vessel  be  allowed  to 
How  out,  the  air  above  tbe  water  expends,  ami 
its  pressure  diminishes  until  the  atmospheric 
pressure  in  the  tube  exeeeds  the  internal  pres- 
sure plux  the  pressure  of  a  water-column  from 
tbe  loner  end  of  the  tnbe  tu  the  water  level,, 
and  bubbles  will  then  rise  from  thu  lower  end 
In  the  plane  of  the  tower  end  uf  tbe  tube,  b,  aui 
long  as  tbe  surface  of  the  water,  c,  u  not  below  b,  extenud 
atmospherie  pressure  obtains,  and  the  water  flows  out  only 
under  the  pressure  of  a  column  of  water  extending  from  tbe 
orifice  to  the  lower  end  of  the  tube.  By  means  of  Mariotte*H 
flask  it  is  thus  possible,  uutwitb.stunding  the  gmdual  sinking 
of  the  water  level  in  the  ilosk,  to  maintain  a  constant,  pressure, 
and,  consequently,  a  constant  velocity  of  efflux  at  the  u-itice. 
Tbe  deeper  the  tube  is  insert**!,  the  slower  tho  outflow,  which 
ooHKeti  entirely  when  the  lower  eud  uf  the  tube  reaches  the 
level  of  the  orifice. 
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Pumps  are  osed  to  raise  water  by  the  aic]  of  atmospheric 

l>Tessure.    The  most  familiar  form  of  thiK  apparatus  in  the 

suction  pump.     In  the  piiTup  barrel,  C  (Fig.  K!>),  a  i»erforate(i 

pistOD]  K,  tilted  as  closely  as  |>ossiblc  mid  provttlcd  with  it 

valvo,  works  up  and  down.    Th©  ralve  opens  by  prcasuro  from 

Iwlow,  and  elosos  by  prossiire  from  abovo.     A  valve  in  oveiT 

way  similar  to  the  piston-valve  works  at  the  bfjttom   of  the 

bsrTel,  V,  where  the  suotion-tnbe.  It.  extending  below  the  siirfaeo, 

U,  of  the  wBter,  connects  with 

the  barrel,  K.    AVhcn  the  pistou 

is  raised  tho  air  )«neath  it  ex- 

|>ands,  filling  the  larpfer  Toliuue. 

and  its  pressure  diniinisheseorre* 

spondingiy.     The  piston-yalve  is 

hold  ahut  by  the  greater  external 

pressure,    whilo    tbo    valve,    V, 

yielding  to  the  presgare  of  the 

«ir   in   the    suctinii-tubf,  uiieas, 

and  causes  the  air  in  thiit  tiilw 

also  tu  expand.      Since.  Whind 

the  piston,   rarelicd  air  of  low 

tension  fills  the  tube,  the  prOK- 

xnre  of  the  air  ou  the  surface  of 

lb©  water  ia  the  well,  or  sprin/f, 

.1       .    1       r,  1       '  Km.  89.— Suction  Pump. 

raitteH  m  tue  tube,  li,  a  ('olimin  *^ 

of  water  to  auiih  height  that  i1«  pressure,  combined  with  that 

of  the  internal  air,  equals  the  exterual  atmospheric  pressure. 

If  now  the  piston  descends,  it  compresses  the  air  behiod  it, 

which,  by  Tirtiie  of  its  increasetl  tension,  clows  the  ralve,  V, 

and  preveutH  the  column  of  water  from  sinking.     Th©  tension 

within  ihe  barrel,  K,  then  opens  the  piston-valve,  and  crowds 

the  water  upward  through  i(.     If,  at  the  first  stroke  of  the 

piston,  we  assume  that  the  water  has  risen  to  the  valve,  V, 

and  that,  when  the  piston  has  descended  to  the  bottom  of  the 

barrel,  no  air  remain?  behind  it,  (hiring  Uie  second  stroke,  the 

fldve,  V,  oi»eninj^,  Iho  water  ratsied  by  Che  pressure  of  the  air 

follows  the  piston  immediately  and  passes,  therefore,  directly 

into  the  pump-barrel.    If  the  piston  descends  again,  the  valve. 
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V,  closes  immediately,  and  the  water  in  tho  barrel  must,  by 
Tirtufl  of  the  i>ro98iire  uf  tlio  ])i8ton  itaolf,  open  the  pistuu-valvo 
and   patss  through   the   bore  of   the   piston   into  the  barrel 
chamber   above.     At  tho  next  strolte,  Uie  piHttm  raises  this 
miter  with  it  and  carries  it  to  the  opening  O,  above  the  highest 
prtint  of  the  travel  of  the  pUton,  where  it  flows  out  through 
the  Mpout,     The  height  t4i  whieh  water  may  be  raised  by  such 
a  «uctioa-puiii]i  is  net  unlimited.    Tho  pressure  which  holds  in 
equilibrium  a  column  of  mercury  7t!  cm.  high,  can  carry  a 
column  of  water  13*6  times  higher  than  thiH,  or  about  10  m. 
high,  and  no  higher.     If,  therefore,  the  valve,  V.  i-i  higher  than 
10  ni.  abuve  the  .surface  of  the  water  in  the  well,  uu  water  can 
riae  into  the  pump-barrel    though  tho  pump  work  perfectly 
and  the  piston  produce  an  ah^oliito  vacuum.    With  the  im- 
perfect piimpit  found  in  tho  market  it  is  never  possible  to  (awry 
the  valve,  V,  more  than  7  m.  or  8  m.  above  tho  water  level. 
From  the  obsetvat  ion.*  of  the  Florentine  pump-makers,  that 
water  will  not  rise  higher  than  this,  Torricelli  waa  led  to  the 
proof  of  the  fact,  and  tnoa^urcment  uf  tlio  intensity  of  alaio- 
8pfaeric  pressure  by  th«  liaromotor.    Prior  to  that  time  the 
.  rising  of  water  iu  piintpd  had  boon  explained  as 

ik  H  horror  of  nature  for  a  vacuum  (Aerror  woeeM). 

7j]P[i  111   tho  force-pump  the  piston   is  not   per- 

''^*-]  lorated.  The  water  iu  the  pumiJ-barrel  is  forced 
by  the  pressure  of  the  descending  piston  through 
an  orifice  ujiening  from  the  barrel  into  an  upright 
tube  prt'vided  with  a  valve  at  it«  top. 

90.  Hero'i  Ball  (Hero,  150  b.c.).— This  aji- 
paratus  consists  of  a  vessel  (Fig.  90)  partially 
lillod  »ith  water,  in  the  mouth  of  which  a  tube. 
Fig.  90— Hett)>    open  at  both  ends,  fits  air-tight.    If  the  pressure 
***"■  of  the  air  is  greater  within  the  vessel  than  without, 

water  will  rise  iu  the  tube  and  flow  out  as  a  jet  fri>m  its  mouth. 
To  increase  the  internal  tension  above  the  external,  air  may  be 
blown  in  th^nlgh  the  luW,  provided  with  a  tap  for  confining 
it,  either  by  the  mouth  or  by  a  fonw-pumji,  or  the  ontside  air 
may  be  rarefied  by  plnuing  the  up{>aratufl  under  the  receiver  of 
an  air-pump.     The  simplest  form  of  Hero's  ball  is  an  ordinary 
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icash-hottU,  (xinsisting  of  a  (lask  jiroTided  with  h  dpiiWy  |K*r- 
foriittiJ  stopper,  through  which  two  tubes  hto  fitk-J  air-tight, 
one  of  wliich  rcacbos  uJmost  to  tbo  bottom  uf  the  Sask,  cuirea 
outward  near  its  top  end,  and  t«rminatos  in  ft  fllender  point, 
while  the  nther  extends  just  through  the  stopper.  If  air  is 
bluwu  through  the  latter  tube,  water  rises  in  the  formor  ami 
pnniM  ihrurigh  the  o^kd  end  in  a  iilender  stream.  The 
so-fiaUcd  soda-fountain,  used  in  the  proihiction  of  efferreaceut 
drinks,  is  a  Hero's  Itall.  Its  tiilie  reaches  almnt^t  to  the  bottom 
ol'  the  vessel,  iij  bent  aside  near  \{&  upper  end,  and  cloeeit  with 
a  tap.  or  cock.  AVhen  the  tap  is  oponod  tlie  liquid  is  driven 
by  llie  pressure  of  carbonic  aci<]  ^as  through  the  month  of  the 
tubu  with  considerable  force.  The  air-ckanibtfr  of  a  fire- 
«ugiiJO  is  ntily  a  large  Hero's  l>all.  in  wliich  by  two  force-piimps 
workiug  alternately,  water  is  oompresaed  and  the  air  within 
the  chamber  condensed.  If  the  cock  be  opened,  the  com- 
pressed air  within  forces  out  a  continuous  and  powerful  stream 
oi  water.  Hero's  fountain  is  a  Hero's  ball  in  which  the  air 
is  condensed  by  a  colnmn  of  water. 

91.  The  Hydraulic  Ram  is  an  apparatus  for  raising  water 
which  van  iuventod  by  Kuiitgoliier  in  I7i>7.  By  means  of  Ibe 
energy  of  running  water,  tbia 
machine  raises  a  part  of  the 
water  to  a  higher  level  than  that 
fn»m  which  it  descends.  It  oou- 
sists  of  an  air-L-haniber  (Hero's 
ballj,  r,  into  which  the  vortical 
lube,  d,  opening  at  «,  into  a 
vessel  for  the  reception  of  the 
water  which  has  boon  raiaed,  tits 
by  an  air-tight  onnnection  (Fig. 
1*1).  Theair-t-ba]iib(-rt.<i  provided  below  with  a  valve,  e,  ojieniiig 
upward.  At  the  numtli  of  the  mndnit,  6,  which  loails  from  a 
reservoir,  a  (fijj.  a  jKnid,  or  riror),  ia  a  valve,  v,  which  opemt 
downward  by  its  own  weight.  The  water  flowing  downward 
thfDiigh  the  tube,  fc,  closes  by  its  impnlse,  the  ralve,  r,  r»i«08 
the  valve,  e,  flows  into  the  air-chamber  and  compreaseA  the  air 
within  until  the  valve  closes  by  the  excess  of  pressure  from 
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aluve.  80  soon  as  the  wntor  liss  otinie  to  rest,  tlie  valve,  v, 
upeoB  by  its  own  weight  and  allows  water  to  flow  out.  Tlif 
water  being  again  set  in  inotiDU  cliwes  the  valve,  f,  w  ilb  u 
flbork,  at  the  same  time  liftiug  the  valve,  0,  and  by  a  contiotieil 
lepetition  of  this  play  of  the  valves  the  water  eunipressps  the 
nir  in  tlie  (.'hainlwr  until  the  inner  teiutiuu,  still  ics.s  than  the 
teosiuu  of  tbe  inflowin[5  wtiter  below,  is  able  to  raise  a  quantily 
of  water  tbroti^b  the  tube,  h,  into  tbe  vessel,  I. 

92.  Efflux  of  Oaaaa. — A  ^os  flowt*  outwani  through  an 
ajterture  in  the  thin  walls  of  a  vesael  contaiuiog  it,  whcoever 
the  tension  inside  the  resael  is  greater  than  that  on  the 
outside. 


tf  |i  d«not«  tlic  cxoMB  of  th«  prcMuro  lu  the  veeae), 
)  onflce,  and  «,  the  small  dittoiico  Unvcrwtl  by  ttie  < 
of  gu  dunng  a  short  iiitorTat  of  tira*,  p**  i«pr«*«nt«  tba  wo 


llie  onflce,aDd  «,  the  small  dittoiico  Unvcrwtl  by  ttie  «»c«pine  cylinitricAl  jet 

'  »••  i«pr«*«nt«  tiM  wort;        ' 

lh«  cxcMB  of  Um  iDt«nud  pmeure.     if  UiQ  orifico  U  nniUl  itnA  Uio  vemtA 


the  croes-scclioii  oT 
performed  by 


lur^,  so  thftt  tic  CM  cobUiued  witliiu  it  Itaii  no  porcvptiblA  motion,  Uiia  woric 
'»  almoat  coinplctctj-  cspcndei)  in  [iioduciug  tlto  vnergy  ^v*  (v  deoolinR  the 
velocity  of  cmux  of  the  gas]  of  tbo  escaping  eimrous  muB  ni.  W«  hare, 
tlMt«for«,  almwft  L-»oUy,  Amir's  jmn.  If  t  *Kiiotv  tUe  Hpevitic  tpuvit^  of 
tbe  gu  witJi  ruapovt  tu  water,  ttna  g  tlto  occclcnilioii  of  grnvitj',  ««■  \nll 


doDote  tha  veight,  aod    - ,  tbe  mius  of  tliv  gu. 
or  alto 


We  liave,  tlicn. 


*W. 


Under  the  foregoing  assiunptiims,  therefore,  we  have  thii: 
following  Ittw  whirh  was  iirst  proved  experimentally  by 
Uraham  :  The  vt^oeUy  of  effinat  of  gtue$  is  directly  prop&rfional 
t<f  Ike  square  rooU  0/  the  'oasc*»et  of  intemcU  premire  ami  i»- 
veneitf  proportiotuxl  to  tht  tpcctfie  ^ravUm  of  the  gaan. 

If,  therefore,  different  gaeos  flow  tnider  tbe  same  pressnre, 
the  »|uarea  of  their  velocities  of  e61iix  are  inversely  as  their 
)tptt:ific  gravities,  or,  what  is  tbe  same  thing,  these  spo-ifir 
gravities  are  as  the  sijnares  of  the  times  required  for  equal 
volnmcB  of  the  gas  to  pass  through  the  aperture.  Buns^n 
has  devised  an  ingouious  method  for  tiiK  deteraiination  of  thu 
Mjtecific  gravity  of  gages  bMsod  njHHi  these  lawK.    Let  a  quantity 
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of  gas  be  put  in  tbo  cylinder,  AA.  Fig.  02,  which  oontrarb< 
alxire  into  r  small  lube,  U,  within  which,  at  o,  a  thin  jterforated 
]>latJniini  plate  is  held,  thnnigh  Ihe  rumill  opening  in  which 
gas  {HiisiseH  ontworcl  on  the  roniovai  uf  Iho  stopper  ut  s.  The 
cylinder,  AA,  with  the  stop}>cr  in  phv-o,  is  inuucrscd  in  morctiry 
until  the  point,  r,  of  tbo  glass  float,  1)1),  i&  exactly  at  the 
level,  C,  of  the  mercury  in  tlic  vessel,  CC.  If  tlio  stopper  be 
now  removed  the  excess  of  the  ezlemal  over  the  internal 
prcflsnre  fon-es  the  gas  outward  through  U, 
aud  it  i«  only  neci-^wary  to  note  the  time 
which  olajMDfl  fmm  the  remoral  of  the 
stopper  until  the  mark,  t.  on  the  float  reaches 
thn  lorel  of  the  mertrnry.  If,  for  example, 
it  has  been  found  that  erjual  volumes  of 
air  and  of  oxybydrogen  gas  L-uusmne,  re- 
spectively. IIT'O  and  75-6  secouda  to  flnw 
throngh  the  orifice,  ibo  Hpecitic  gravity  of 
oivhydrogeii  gaa  referred  to  air  =  (To-fi)  ; 
(llT-ti)  =0-413. 

83.  The  PBeamatie  Trough  is  used  for 
procarmg  gases  unmixed  with  the  atmo- 
uphere,  and  eullet'iiug  them  in  vesiielti.  If, 
for  illustration,  gas  should  be  led  directly 
from  the  apparatus  in  which  it  is  generated 
into  a  Bo-railed  empty  vessel,  t.*.  n  vessel 
Ktled  with  air,  the  gas  would  !«  contanii-  Fio.  02.— itasMii'*  Ai>- 
nated  by  admixture  with  the  air.  If,  on  iwyofaSi^ 
the  contrary,  the  vestiel  which  ii;  tu  ouu- 
tain  the  gas,  a  test-tube,  for  example,  be  first  filled  with 
suuie  liquid  (water  or  mercury),  and  while  ita  mouth  is  kept 
i-liiMod,  it  be  immersed  in  the  same  liquid,  mouth  downward. 
the  gaa  may  then  be  («llected  without  difficulty.  The  mouth 
of  the  immorsc<l  tabo  is  opened,  and  tlirougfa  it  the  end  of  a 
glass  tnbe,  bent  upn-anl  and  leading  from  the  developing 
apparatus,  is  inserted.  The  bubbles  of  the  gas,  now  riiiiug 
through  the  liquid  in  the  tube,  crowd  the  liquid  downward, 
and  collect  alwre  its  surface  in  a  pure  unmixt-d  condition. 
To  enable  the  bubbles  of  gas  to  rise,  nufficiont  pressure  must 
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obtain  in  the  (levelopiog  appaistus  to  overcome  the  preasnt-e 
of  the  li^uitl  column  in  the  receiving  vessel. 

M.  Oasometsrs  are  apparatus  for  preserving  gases  and  pei^ 
initting  the  "ithdrawa,!  of  auy  Ues^ired  vniantity  of  them.  The 
form  of  the  itislrnme^nt  nsed  in  lAboratoiies  consists  of  a 
cyliudricftl  tin  vessel,  A  (Fip.  93),  dosed  air-ti(;lit,  eom- 
muuicatiuj^  witli  the  o|]eu  vessel,  'R,  hy  tubes, 
which  may  be  closed  bj  taps  at  a  and  h. 
The  tube,  a,  extends  from  the  bottom  of  the 
upper  vessel  to  the  bottom  of  the  lower ;  tJio 
tnbe,  t,  from  the  bottom  of  the  upper  tr> 
the  top  of  tbe  lower.  The  lower  vessel  has 
near  its  txip  a  lattaml  openiuj;  provided  with 
a  tap.  r,  near  its  bottom  \i  another,  closing 
with  a  cotk,  and  finally,  the  tube,  <°,  is  use«l  a» 
a  waier-tjauge.  The  lower  vessel  is  first  filled 
uompletely  with  water  pouted  in  tbrongh  the 
veasel,  B,  while  the  orifice,  d,  is  ulused,  and  the  tapft,  a,  h,  and 
0,  are  kept  open.  If  now  the  taps  all  be  closed  thu  wat(*r 
will  not  flow  out,  even  when  the  urific^e,  d,  is  open,  euDce  it  \* 
held  in  by  the  atma!t]i]iorin  prefuure  at  d.  The  tube  Icadutg 
fniin  the  developing  apparatus  \a  iui^orted  through  the  opening. 
d,  and  the  bubbles  of  gaa  rise  itova.  its  mouth  filling  the  tc«sc-I. 
A,  by  crowding  out  the  water  through  the  orifice,  d,  past  the 

sides  t>f  the  lube  leading  fruni 
the  developer.  When  the  vessel. 
A,  is  almoitt  filled  nitb  gas,  thi* 
orifice,  d,  is  cluHod.  The  lap,  u, 
Ijcing  now  o|K!ned,  water  flows 
from  the  vessel,  IS,  which  is 
always  to  be  kept  fiiU  of  water, 
into  the  vessel,  A,  and  com- 
presses the  gas  contained  in  A 
Fw.ai.-&.«i>nrtcrrorFncU,i,.        ^^j^j,    ^   ^^^^  corresponding    to 

the  difference  of  level  of  the  water  in  the  upper  and  the  lower 
vessels.  By  reason  of  this  internal  tension  the  gas  may  be 
forced  either  through  the  tube,  e,  at  into  a  vessel  inverted  in 
the  reBeiToir,  B,  oerving  as  a  pneumatic  trough,  tliroiigh  the 
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tube,  b.  The  large  fftaomtUr  (Fig.  94)  used  bi  the  mauuiacture 
of  illuminating  gas  consists  of  a  cylindrieal  oisteru  excavated 
below  the  surface  of  the  ground,  irith  ualleil  sides,  vrithiu 
which  a  larfce  cylinder,  made  of  boiler-iron,  closed  above  and 
open  below,  is  partially  balanced  by  counterpoises.  The  cistern 
is  filled  almost  to  its  eurfa^e  with  wator.  Heueath  tlie  iiiverte"! 
cylinder,  or  lank,  two  bent  tubes,  or  iiipos,  pruvided  witli  taps. 
open  upward.  Through  the  one  gas  outers  froui  the  developer 
and,  by  ite  tension,  raises  the  tank,  which  was  prerioiislj-  ini- 
luersed,  Qush  with  the  surface  uf  the  water.  The  tube  from 
the  developer  is  now  closed,  the  other  tube,  called  the  maifl,  is 
opened,  and  the  uyliiider  sinktug  by  its  own  weight  drives  th«; 
gas  tliro^igh  the  main  for  iiHe. 

95.  Oai-meters  are  iiiMtrunieiits  for  measuriug  the  volume 
of  the  gns  po-ssiiig  through  a  main.  The  so-called  icet  gat- 
meter  (xmiiiatu  uf  a  cylindrical  box  of  tin,  or 
caot-irou  <Fig.  !^5|,  within  which  a  drum  may 
be  rotated,  about  n  horiicniital  axia  The  drum 
is  divided  into  four  seiitiuns,  eaoh  of  whieh 
(iominunioates  with  the  interior  of  the  box 
through  the  openings,  a.  The  box  is  half  filled 
with  water,  mixed  ordinarily  with  glycerine. 
or  alcohol,  to  prevent  freezing.  The  gas  from 
the  main  flows  iu  at  the  centre,  h.  If  it  be 
allowed  to  flow  out  through  the  oritie«,  a,  to  a  lamp,  or  burner, 
the  pressure  of  the  air  iu  the  section  above  the  surfaeo  of  the 
liquid  against  the  side-walls  dimiuishos.  This  inequality  of 
pressure  pnnlnees  a  rotation  of  the  dnim  so  that  one  after 
another  of  the  f>ection$  rises  aboTt>  th«  niirfaco  of  the  liquid 
and  discharges  its  gaseous  ct>ntonts  through  c,  at  a  rate  eorro- 
Mponding  to  the  oouaumption  by  the  ^amo.  When  the  four 
xections  havf>  been  emptied  once  each,  the  drum  lias  made  one 
complete  revolution.  By  means  of  a  toothed  wheel  mechanism 
the  nnmWr  of  revolutions  aitd,  consequently,  the  volume  of 
;^a8  cunAiimod  within  a  given  time,  is  imlicated  by  a  pointer 
and  gradii&tod  dial-plate. 

S6.  Diffaiion  of  Gaset. — if  two   commnnt<mtiug  vessels    be 
placed  one  above  the  other,  the  upiter  containing  hydrogen 
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and  tbc  other  curbunic  acid  gas,  artei  a  time  the  two  ^aaes  will 
be  uuifonuly  diatriliiitod  throughout  the  vesselB,  forming  a 
perfectly  homogeDeuus  g:a3eou8  mass,  despite  the  Cauiit  that 
i*arboiii<!  acid  gas  is  twenty -twn  times  heavier  than  hydrogen. 
iUl  gaset)  gradually  distribute  tliemttelves  throughout  space  an 
though  nu  utbei  gaiaes  were  present,  [trovided  that  they  do  not 
react  upou  each  other  chcmirally.  Therefore  the  presstire  of 
a  gaseous  mixture  is  equal  to  the  sum  of  the  pressiirCB  of  the 
constituent  gases  (Dalton's  law.  1803).  This  process  of  diu- 
tributioQ  is  celled  diffusion,  Thiii  pru|>erty  of  gaws  explains 
the  intermixture  uf  oxygen  and  nitrogeu  in  the  same  pro- 
liortioiiN  throughout  all  parts  of  our  atmosphere. 

It*  two  gaaos  are  separated  l*y  a  porous  partition,  8.g.  ky 
a  thin  plate  of  uuglazed  eartheuware,  or  ;^'p8UR),  an  exchange 
of  the  two  gasea  through  the  pores  of  the  partition  occurs,  the 
lighter  gas  percolating  through  the  [>orou8  wall  more  rapidly 
than  the  heavier.  Over  a  [lorouH  tinrthen  jar,  siu?h  bh  is  used  fur 
galvanic:  elements,  let  a  gla-ss  receiver,  pn>vided  witli  a  tube  for 
admitting  ga;«,  be  inverted.  Through  an  u[>cutng  lU  the  bottom 
of  the  jar  let  a  U-ahai)ed  glas»  lulu;  (manometer),  with  its  bend 
filled  with  water,  be  litt«d  air-tight  by  meana  of  a  cork.  If 
illuminating  gas,  which  is  lighter  than  air,  be  admitted  into  the 
receiver,  it  will  dilTuse  more  rapidlv  through  the  porous  wall 
into  the  jar  than  will  the  air  in  th<>  opposite  direction.  The 
pressure  within  the  jar  inUHt,  conscqucnlly,  rise.  The  water 
will  then  sink  iu  the  iimer  branch  of  the  ntanomotor  and  rise 
in  the  outer.  If,  now,  the  receiver  be  removed,  the  illumi- 
nating  gas,  with  which  tho  cell  is  now  filled,  will  \)asi  outward 
into  tho  surrounding  air  more  rapidly  than  the  latter  passes. 
iuward.  The  predate  on  the  interior  decreases  then,  and  the 
»Hter-coIumn  rises  in  the  inner  bmni^h  and  falls  in  (he  outer. 
Tho  reverse  (n^curs  when,  instead  of  illuminating  gas,  the 
heavier  carbouie  acid  gas  i.s  wimitted  into  the  receiver,  if 
a  tube,  connecting  the  ponius  jar  with  a  closely  corked  air- 
cbnmber,  which  is  [mrtially  tilled  with  water,  and  tcruiinatos 
jnat  beneath  the  cork  tlimugh  whiih  it  jjasses  air-tight  into 
the  chamber,  while,  Ihruugh  a  isccond  perforation  of  the  cork, 
another  tube  is  fitted,  also  air-tight,  and  iusertod  to  tho  bottom 
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of  the  I'liamber,  fnrming  tliiw  a  Hero's  ball,  water  will  be  seeu 
to  ti[)oat  tVnm  the  latter  tube  to  a  considerable  height  the 
instant  illmntii«tinp  pas  Js  ftdmitte<l  into  the  receiver. 

Attempts  have  been  made  to  utilize  this  principle  for  the 
detection  of  th«  ]>resen(»  of  marsii-gos  in  the  air  of  coal-mines. 
If  a  vessel  closed  with  a  porous  oarlhen  lid,  and  conueeted  witli 
the  branch  of  a  U-shafied  tube  tilled  with  mercury,  be  brought 
into  the  air  of  a  mine  contaminated  with  thia  gas,  the  pressure 
within  the  retisel  will  lie  increased  in  Cdnsequont-o  of  the  more 
rapid  diffusion  of  the  lighter  ma:'sh-^as.  The  mercurial  column 
in  the  other  brnndi  will  rise  thoroforo,  and,  by  closing  u 
galvanic  cinruit,  may  be  made  to  ring  an  electric  signal-bell, 
announcing  iro|)ondinK  danger. 

According  to  Graham,  the  rates  of  diffusion  of  two  gaties 
are  inTOr^ely  proportional  to  the  square  roots  of  their  sfwi^ifii; 
f^vities.  ilydtoi;;eiit  for  example,  which  is  iV  as  heavy  as 
oxygen,  passes  through  a  partition  separating  these  gases  four 
times  AS  rapidly  as  oxygen. 

97.  Abtorption  of  Oases.— Li ipi ids  posAeMit  the  prt>]terty  of 
alwnrbing  ga.*<e8  when  brought  into  contact  with  them.  The 
pn>cas!i  Is  tonn(Ml  aheor^tion. 

Hoila-wator  in  water  nhich  haa  absorbed  carbonic  acid 
and  holds  this  gas,  as  it  were,  in  solution.  Ouo  liter  of 
water,  at  15°  C,  always  absttrbs  one  liter  of  carbonic  acid, 
regardless  of  the  pressure  to  which  the  gas  is  subjected. 
Since,  according  to  ^loriotte's  law,  with  double,  triple,  fom-- 
fold,  and  so  forth,  jtressnre,  twice,  thrice,  four  times,  and  so 
forth,  as  much  gas  will  be  contained  in  the  same  space,  it 
follows  that,  with  'runstant  temperature,  the  weight  of  the 
quantity  of  gas  ab3(>rbed  by  a  definite  Liquid  varies  as  the 
pressure  under  which  the  absorption  lakes  plaeo  (Henry's  law. 
1^03).  In  the  nianiifarture  of  H^Hla-waler,  the  pressure  nectis- 
sary  to  mturate  the  water  with  a  sufHcieut  quantity  of  catbomc 
atTid,  is  obtained  cither  by  dcvtdoping  the  gas  within  a  rery 
small  vessel,  nr  by  the  »wc  of  suitable  condensing  pmnjis. 
The  i)rc|)aratiou  of  champagne  consists  in  confining  within  the 
liquid,  the  carbonic  acid  formed  during  fermentation  under 
the  high  pressure  develoj)ed  withiu  the  tightly-corked  flask. 
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It  is  this  prcssuro  whicli  drives  oiH  tlio  locnteuod  cork  with 
a  loud  report.  The  corbonic  acid,  which  was  ranfiinMl  by  the 
pressure  within  the  closod  flask,  escapes  from  the  liquid  which, 
after  the  oorU  is  ilrawii,  t<t  exposed  only  tn  the  pressure  of  the 
air  a.  The  champagne  then  elTervesres.  Under  the  rec^eiver 
of  all  air-pump,  Htale  beer,  from  uhirh,  when  exposed  tu  the 
air,  (larbdnic  ai*id  uo  longer  passes,  may  l>e  maile  to  uflcrTesce 
violently. 

The  rapidity  of  absorption  varies  with  the  nature  of  the 
liquid  and  the  gas  used.  Ammonia  is  absorbed  by  water  with 
groat  rapidity.  If  a  glass  tube  is  inserted  through  a  cork  into 
ao  air-chamber  filled  wHth  this  gas,  and  its  outer  end  is  closed 
with  a  small  stopper,  the  closed  end  bein^  immeritedi  in  water, 
a8  »oon  afl  the  tube  is  opened  the  water  ruithes  into  the  air- 
t'hamber,  filling  it  completely.  The  gas  has  been  entirely 
absorbed  by  the  water,  ff  the  water  in  the  vessel  has  been 
rnlunred  red  with  atndnlated  tincture  of  litmus,  the  alkalius 
iLcliun  of  the  auimouiucat  liquid  iu  the  vetuel  will  colour  it 
immediately  blue.  Commsrcial  spirits  of  sol  luuuiontac  18 
water  AatnratM  with  ammonium,  and  commercial  hydrochloric 
acid  is  water  saturated  with  hydrochloTic  acid  gas. 

One  part  by  volume  of  water  at  Ib^^  0.  abBorb^  V27  volumes 
of  ammonium,  -150  of  hydrochloric  acid,  43'5  of  snlphuric  acid. 
3i  of  hydrogen  sulphide.  1  of  carbonic  acid,  -^  of  oxygen, 
and  -^  of  nitrogen.  One  volume  of  alcohol,  on  the  other  hand, 
alMiirlm  3-2  vnlumw  of  carbonic  acid.  The  numbera  which 
express  the  number  of  volumes  of  a  ga.s  absorbed  by  one  voliimi- 
of  the  liqnid,  are  independent  of  the  jirettsure,  and  are  called 
coofficient"  of  absDriitiun.  A  liquid  will  ahsiirb  from  a  mixture 
of  gases,  ijuautities  of  each  individual  gas  proportional  to  the 
tension  of  the  respective  gases  in  au  nnmixod  state  (Oalton's 
law).  The  quantity  of  carbonic  acid  ulMurbt^d,  therefore,  is  not 
increased  if  the  vosael  containing  the  acid  cout-ain,  at  the  same 
time,  another  gas — air,  for  example.  The  atmoephoro  is,  as 
we  know,  a  mixture  of  21  volumes  of  oxygen  nitb  79  of 
nitrogen.  If  the  coefticieut^  uf  absorption  of  those  two  gases 
were  equal,  air,  when  absorbed  in  water  '»l«in  these 

gaeee  in  the  same  propf  is 
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nbsorbett  in  greater  quantities  than  nitrogeu,  air,  after  absurp- 
tlon  in  irater.  is  relativoly  richer  in  oxygeu  than  is  ordinary 
air.  Tbo  absorbed  air  coutain-s  S5  jicr  c«nt.  inalead  of  31  par 
cent,  of  oxygen,  the  element  neeossary  to  respiration,  as  against 
)J5  per  cent,  of  nitroieen,  which  is  not  rapable  of  sustaining 
respiration.  This  property  of  these  gases  is  <rf  great  importance 
for  aiiuatic  animaltfi.  provided  vith  ^^ills,  and  Lrc-atbing  this 
abwrbed  air.  Absorption  dimlQishes,  as  a  riilei  with  iacreaning 
temperature.  Water,  for  example,  at  0^  alHtorbe  1-8  volumes 
of  (rarbonic  acid ;  at  15',  1  volume ;  at  20^  fi-9  volume,  Ileet- 
inff,  therefore,  will  drive  a  portion  of  the  gas  mit  of  the  liquid 
in  which  it  t<t  dissolreil,  and,  on  boiling,  tnuxt  ahsorbed  gaset; 
are  completely  expollcd.  On  the  contrary,  many  metals,  e.g. 
direr  and  cupiter,  whii^h  iu  a  molten  condition,  absorb  oxygen, 
give  uS  the  absorbed  pm  c>n  cooling,  and  the  process  of  efcsping 
occurs  90  violently  from  the  liquid  portion  of  the  metal,  as  U> 
hurl  droplets  of  the  molten  mass  hither  and  thither.  This 
pbeoouienon  is  called  aj>arking.  Solid  bodies  are  also  capable 
of  absorbing  gases  and  holding  them  within  their  mass. 
Metallic  palladium,  fur  e.\ample,  used  for  a  long  time  iu  dilute 
snlphuric  acid  as  the  negative  pole  of  a  galvanic  pile,  is 
capable  of  absorbing  a  volume  of  hydrogen  t)3ti  times  as  grout 
as  its  own.  This  process  is  called  ocdution.  When  boated 
to  glowing,  platinum  and  iron  ubourb  hydrogen,  and  the  latter 
also  oarbouio  oxide  with  extreme  foiiility,  and  hold  these  gases 
aIiw)  even  after  returning  to  lh(>ir  nonoal  tem[>erature. 

Alorodver,  all  .solids  possess  the  property  of  condensing 
upon  their  BiirfaccK  gnaes  in  which  tbey  are  inttnersed.  Any 
body  which  has  been  exposed  for  a  time  to  the  air,  or  any 
other  gas,  collects  about  its  surface  a  condensed  layer  of  gas 
which,  from  its  adhfsion,  dings  so  closely  to  the  surfaeo  that 
it  can  be  removed  only  by  heating,  or  by  thoroughly  washing 
the  surfuci-'  with  alcohol,  pumii-e  »t<me,  griipliite,  etc.  Since 
this  peculiar  mode  of  absorption,  more  appropriately  called 
(uUorption^  do^wnds  only  uj^w  snperfKMBl  area,  porous  budics. 
saeh  AS  charcoal,  manifest  it  iu  a  high  degree.  The  interior 
walU  of  conntlesa  little  pores  augment  the  surface  out  of  all 
prtfportioQ  to  the  volume  of  the  body.     If  a  fragment  of  freshly 
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bnraed  charcoal  be  pasaeil  through  niercitry  in  a  pnetimatic 
trough,  over  which  a  glat>H  tube  has  Keen  filled  with  carbonic 
acid,  uiid'Or  thd  mouth  of  the  tube,  and  allowed  to  rise  into  the 
i-arbouic  a^-id,  the  mercury,  together  with  the  UtmtiDg  fragment 
of  ebarcaal,  n-UI  nse  in  the  tube.  In  this  way  it  ia  found  that 
beecliwood  charcoal,  from  which  the  absorbed  air  has  I>een 
removed  by  beat,  ia  cajiable  of  adsorbiug  35  times  its  vutume 
of  carbonic  acid,  and  90  times  its  volume  of  ammoniiini. 
Since  tbe  adsorbed  gu  is  condeoaed,  and  condeusatioo  i« 
always  accompanied  by  the  development  of  heat,  arlsorption 
always  pmduoett  heat  which,  under  some  (■iniumstuuceft,  may 
rise  to  glowing.  For  this  rea^iun,  Kjumtaueuus  cMmbuKtion 
sometimes  ixxiunt  when  linuly-ground  charcoal,  to  be  used  in 
the  nuumfactiure  of  gunpowder,  hiui  been  ]iitedintu  large  liea^ss. 
Xhe  finely  pulverized  iron  used  by  apothecaries  for  medicinal 
purpottes,  when  lieaiied  up  in  the  air,  adsorbs  oxygen  so 
violently  bm  to  tal(e  lira  and  bum  u|j.  Such  bodiee  as  these 
are  called  pyrophoroiis.  If  platinum  ajiouge  {1.9.  finely  porous 
platinum,  ubluitied  by  burning  platinum  aal  ammoniac),  trhlch 
baa  adsorbed  oxygon  from  the  air  aud  condensed  it  in  its 
[Kjreti,  bo  e.\po«ed  to  the  action  of  hydrogen,  the  latter  gas  will 
bo  also  adsorbed  with  the  development  of  sufficient  heat  to 
bring  the  sponge  to  glowing  and  to  ignite  the  hydrogen. 
Doeberenier's  Hre-kindler  is  mauufuctiired  npon  this  principle. 
Ufany  aolida  have  the  power  to  a<l8orb  water-vaiwur  from  tbe 
air  and  condense  it  into  water,  e.^.  table  salt,  potassium,  etc 
Ordinary  glass  oondenses  upon  iteelf  a  thin  layer  of  water. 
Such  bodies  are  called  hf/gro»copic.  Many  bodies  of  the  animal 
and  vegetable  king'l«»m,  for  example,  hair,  fish-bone,  catjpit. 
eto.,  are  likewise  shown  to  be  hygroscopic,  by  the  fact  that 
they  adsorb  water  £rom  moist  air  and  swell.  Adsorption, 
witlinut  doubly  ha?  its  cause  in  the  adhesion  of  the  molecules 
of  the  body  to  tlje  gaseous  particles  in  their  immediate 
vicinity. 
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98.  Hwt  w  the  cause  of  tliat  ooixlition  of  a  body,  in  whicb 
whon  tho  b(jdy  is  touohed, effects  are  priMlneed  on  the  nerves  of 
the  skin,  whidi  nre  tHstiiij^iixli  as  cuLd.  o^rit,  tepid,  wni-m  and 
hot.  T(i  thw  series  ut  terms  correspoud  gradiml  diflcrenc*s  in 
the  Ihennal  coiidiliuii,  nr  Icmperature.  iti  the  Ixidr.  EHtimatcm 
of  temperature  ba^cd  oo  the  sense  of  touch  are  very  uncertain. 
for  the  8en.satiun  of  heat  de|«ndK  not  alone  u[Hm  the  rondition 
of  the  body,  but  u[Mm  th(t  (>oi)ditii)n  of  the  eenjie-tirgitn  as  well. 
]f  the  one  hand  lie  imnwrae'l  in  warm  and  the  other  in  cold 
water,  and  then  Ujtb  be  immcrHcl  ut  once  in  k'pid  irater,  the 
latter  inll  souni  warm  tit  one  hand  and  fxild  to  tho  other. 

A  reliable  cittimat«  of  a  body's  thermal  condition  may  l>e 
obtained  from  the  fact  that  change  of  temperature  is  always 
accompanied  by  change  of  volume.  When  two  bodies  of 
luiequal  temperatures  touch  eiu-h  other,  the  wanner  eools,  and 
the  cooler  warms,  until  both  reach  the  same  temperature.  The 
initb  of  this  is  shown  by  the  fact  that  from  the  instant  both 
liave  reacUftil  this  comlition.  no  t-^hangft  of  volume  occurs.  The 
rapidity  of  change  of  tompomtUTe  in  nearly  proportional  to  the 
difference  of  tempcraturo  of  the  bodiea  lietween  which  the 
change  takes  plaee.  itlost  bodies  expand  when  heated.  If 
a  meial  ball  tit  a  ntelal  ring  exactly,  80  as  junt  to  pass 
through  the  ring  when  cool,  it  will  not  pass  through  after 
heating,  Alcohol  enclosed  in  a  glass  tube  tumiinating  in  a 
hoUow  bulb,  rises  iu  the  tube  on  beating.  If  th«  ghs»  bulb  is 
Hlled  with  air,  and  a  drop  of  mercury  is  placed  in  a  horizontal 
Boction  of  the  tube,  so  as  to  prevent  the  influx  of  outgide  air, 
whcD  the  globe  is  heated,  the  eiiclused  air  will  exjmnd  and 
push  the  rlrop  forwani  in  the  tabe.  Apparatiix  of  thi.<>  nature 
vroreased  by  (ialileo  (1^^)  at"!  l>rebbel  (1621)  aa  thermoacopea 
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for  estimating  varifttions  of  temperature.  Each  particular 
instniment  of  the  sort  jast  dest.-rtl>ed,  always  fiimishes  the  same 
reading  for  the  saoie  toin[>eratuTe,  but  readinpt  of  difldrmt 
instraments  are  not  thus  comparablo  with  each  othor. 

99.  Thermoraeteri  are  instrumeuts  which  indicate  the  thermal 
condition  of  btnlies  in  coutact  with  them.  They  are  provided 
with  scales,  graduated  conventionally,  from  which  the  temiie- 
rature  luay  be  read. 

To  prepare  a  oiercnrio.]  Ihermometer,  a  spherical,  or  cylin- 
drical, bulb  is  blonn  oo  the  end  of  a  tube  of  uniform  bore,  the 
bulb  together  with  a  portion  of  the  tube  beinf^  filled  with 
pare  mercury.  The  morcary  is  then  heated  until,  by  its 
expansion,  it  tills  the  entire  tube,  dririag  out  all  the  air.  Vilien 
the  mercury  is  just  on  the  point  of  flofring  out,  the  hollow  of 
the  tube  is  fused  shut  at  the  top^  The  preaeuoe  of  air  in  the 
lube  would  of  course  interfere  with  the  expansion  of  the 
mercury,  bibco,  by  virtue  of  the  oxygen  it  contains,  the  mercury 
would  be  [wrtially  oxydized,  and  hence  contaminated,  or  air- 
bubbles  might  rise  to  the  tube  and  render  the  ingtruiuent 
wholly  useless. 

If  DOW  the  instrument  be  surrouuded  with  melting  ice,  the 
mercury  will  soon  sink  to  a  detinite  point  and  remain  there,  no 
matter  how  the  melting  of  the  ice  takes  place.  This  point  Is 
markeil  upon  tbe  tube.  It  is  tralletl  the  freesp^iug  |xjint,  and 
eorre.i[)onds  to  the  invariable  temjierature  at  whioh  ioe  mella. 
ur  water  freezes.  A  second  tixed  [Kiiut  is  obtaiued  by 
surrouiiding  the  iuatrumeut  with  the  stuem  of  boiling  water. 
The  mercury  rises  f<.>r  a  time,  hut  liually  cornea  to  a  fixed 
position,  and  remaiuu  at  it  Water  cannot  be  heated  in  on  o|K.-tt 
vessel  higher  than  to  the  tomperatiue  at  which  its  steam  has 
attained  the  tension  of  the  air.  The  end  of  tbe  mercurial 
uulumu  corresponding  \o  this  temperature  is  also  nmrked,  and 
is  called  the  boiUtig-point.  The  Imiliiig-point,  thus  obtained, 
will  be  correct  only  if,  during  the  determination,  the  barometric 
height  is  Too  mm.  If  the  atmospheric  pressure  is  different,  a 
aniall  correction  will  be  necesisary.  Tbe  space  between  these 
two  fixed  jtuint)  is  sometimes  ealied  the /vndatnetitat  diatanoe. 
Howsoever  its  length  may  differ  for  difTerent  thermometerM, 
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it  lius,  neverthelpsg,  vrith  uJl  of  them,  tho  same  relation  to  the 
temperatures  to  be  ineHsureil,  atiil  ujwm  this  importaut  fact  the 
comparison  of  the  data  of  differout  instruments,  in  whatever 
way  they  may  bo  subdiTidsd,  is  made  posaiblo.  Celsius 
(1742)  divided  this  fiindameiitiil  distance  into  100  equal  parts, 
called  degrees  {').  This  ia  called  the  centesimal,  or  emtiffrade. 
scale.  This  name  stibiHvision  is  carried  beyond  the  boiling  and 
freeaing  points,  throughout  the  length  of  the  tulw.  At  the 
freezing  |ioint,  0  (zero)  is  written,  and  at  the  Ixjiling  point,  100. 
Thin  was  Hrat  done  by  Stroemer.  Cehdus  numbered  the 
ffradnationa  in  the  reverse  order.  Degrees  above  zero  are 
reckoned  upwards  (iMJsitive),  and  ore  written  with  tho  -{-  Hign, 
or  with  im  sigu  at  all,  while  degrees  below  zero  are  counted 
downward  (negatively),  and  are  written  with  tho  —  sign. 
H4aumnr  (17:^))  milxlivided  the  fuudoment&l  distiiDM)  into  Si)'. 
Tho  freezing  [HJini  wtut  callud  zero  m  before,  but  the  boiling 
point  iva»  designated  SO.  With  Fahrenheit's  (1724)  thermo- 
meter, the  niindtor  3^  in  written  l}<u>ido  the  freezing  point,  and 
by  the  boiling  [Hjint,  212.  The  fundamental  (listance  ta 
accordingly  dividetl  here  into  180  parts.  Kohrenheit  thoaght 
be  had  found  in  the  low  temperature  of  the  winter  uf  1709,  the 
(Hjint  of  ttbsenee  of  heat,  or  the  "  abHolute  zero-point."  }le 
produr>e<l  thisn  temjierature  alao  arti6ciany  by  means  of  a 
mixture  of  ice,  water,  and  sal  ammooiuc,  and  took  it  aa  the 
zero  of  his  tK'alo.  A»  a  iiotx>ud  Gxed  point,  he  okow  tho  tcm]ie- 
raturo  uf  tho  human  body,  which  almost  coinoided  with  the 
point  100  of  his  scale.  Fahrenheit's  (F.)  scale  is  generally 
nsed  in  England  and  America ;  while  in  Germany,  in  daily 
life,  the  scale  of  Reaumur  (It)  ;  and  in  Fnin<;e,  the  eentaHimal 
scale  of  Celsius  (C.)  i.s  used.  In  scientific  investigations,  the 
centesimal  scale  \s  in  general  uhc  tn-diiy.  It  i»,  mureuror,  not 
difficult  to  convert  the  reading  of  any  of  these  scales  into  that 
of  either  of  the  other  two.  Wo  hove  I OO'  C.  =  8U'  K  =  1 80^  F. 
To  convert  degrees  of  tho  IWaiunur  scale  into  those  of  tho 
Celsius,  it  is  only  necessary  to  multiply  by  10  and  divide  by  8. 
Celsius  degrees  are  converteil  into  IV-aumur  by  midtiplying  by 
S  and  dividing  by  lO.  To  convert  Fahrenheit  into  Celsius,  or 
It^umur  degteeSf  it  is  necessary  first  to  subtraet  32,  to  find 
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the  numljer  of  degrees  above  zero,  and  then  to  iiiu]ti|ily  the 
rem&inder  by  \  and  ^  respectively.  Buftides  mercury,  alcohol  is 
aJ«o  extensively  iisecl  in  fillinK  tluTmometcnt.  On  account  of  its 
more  unifurm  rate  of  expaii-siou,  mercury  is,  liowever,  to  be  pre- 
ferred. On  the  other  band,aloobol  thermometers  are  still  in  nse 
for  very  low  lemporatiiret^,  where  mertTiiry  freezes  and  is  rendered 
no  longer  Kerriceable  (inerciirj-  freezes  at  — 3A*-2C.).  Alcohol 
thermometerH  are  graduated  by  i^mpanHun  with  the  mercurial. 

Mercurial  thermometers  bc<v)ino  hsoIosh  also  above  the 
t^inpernturt)  at  which  mercury  boiia  (about  350°  U.).  If, 
however,  the  boiling  bo  prevented  by  the  pressure  of  a  gas  in 
the  up[)er  jjart  of  the  tube,  the  mercurial  Iherraameter  may  ho 
used  tu  toni[)erature$  as  high  a-4  .^.W  C 

The  alcohol  thermometer  in  used  for  the  ma.ximum  and 
minimum  thermtimeter  (Oiermometrotjrajih)  of  Itiitherford 
(l*'ig.  9GJ.    The  purpose  of  tiie  apparatus  is  tu  show  at  a  single 
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roadiug.  the  highest  and  loweat  temperatnres  which  have 
occurred  during  any  given  interval  of  time,  e.y.  within  24 
hours.  A  mercurial  and  an  ftb'ohol  thcrmametor  are  attached 
horizontally  to  the  same  metallic  plate  with  their  lnilbn  in 
uppuoite  directions.  The  former  shows  the  highest  temperature 
reached,  for  the  thermometer  Iwing  plnred  horizonffllly  when 
the  temperature  rises,  llio  mercury  pui^hcs  a  Hmall  piece  of  iron 
wire  ((A*  index)  before  it,  which,  when  the  liquid  contract*, 
remains  in  the  part  of  the  tube  to  which  it  has  been  carried, 
since  there  is  no  adhesion  between  the  iron  and  tho  meruurv. 
The  alcohol  thermometer  indicates  the  lowest  temperature 
reached.    lu  this,  a  nnall  hoUow  glaas  tube  serves  as  an  tude.x. 
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When  it  is  et  the  end  of  the  column  of  UfiuicI,  as  the  temperatnre 
falls  the  folumn  contracts,  and  parries  the  index  with  it  in 
ronsequeuc^  of  aiilhftsion,  until  it  has  attained  its  greatest 
coulroction.  When  the  alcohol  expands 
with  rising;  temjieraturo,  it  passes  between 
the  sides  of  the  tube  and  the  index,  and 
doea  not  <l i«]>tu(re  the  index.  The  position 
of  the  index  then  indicates  the  loweitt  [wiut 
reached  by  the  column,  and  hence  the 
lowest  temperatare.  The  instnimeiit  is 
ugain  mode  ready  for  nse,  by  tilting  the 
plate  one  way  or  the  other  autil  the  indices 
cume  again  tu  contact  with  the  li([ntd  sur- 
faces. The  maximum  and  minimnm  ther- 
mometer of  Sir  (Fig.  !(7)  consists  nf  a 
fT-ahape<l  glasa  tnl>e,  nop,  whojie  l)Ond  coit- 
tuns  B  quantity  of  merpury.  The  veysel,  d, 
and  the  left  braneli  are  tilled  above  the 
mercury  with  alcohol,  which  acts  as  a 
thermometric  Hq^rnd.  In  the  right  branch, 
terminatiug  in  the  hulb,^,  exhauated  of  air, 
there  is  likewise  a  cohimn  of  alcohol,  ex- 
tending to  q,  Ea<.-h  branch  coatuins  a.  bit 
of  st«ol  wire,  a  and  h,  enclosed  within  the 
portion  tillod  with  alcohol.  The  wire,  &,  is 
elevated  with  rising,  and  the  wire,  a,  with 
tialling  temperature,  by  means  of  the  mer- 
cury, and,  on  (ho  retwru  of  the  mercttry 
to  its  previous  slate,  the  wires  are  left  in 
their  extreme  positions,  since  they  work 
with  very  alight  friction  against  the  inner 

walls  of  the   tube.      The  friction    is    fre-  pjo.  ^7. y/^^finr,,,^ 

rjuently  produced  by  mean<i  of  .tlender  **^  M|°'»™'  ''"'•'^ 
threails  of  glasa,  snch  aa  are  shown  iu  the 
cut.  The  index,  a,  indicates  the  luweat,  and  h,  the  highest 
temperatures,  since  the  last  setting.  The  indices  are  aet  by 
means  of  a  small  magnet,  held  jtist  outaido  of  the  tube,  by 
vhoae  ottractiuu  the  bits  of  Hieel  are  drawn  ba>ck  to  the  surfaces 
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of  tlie  tnerciiry-coliiiuug.  To  measure  tho  t«mpcrntnre  of  tlie 
blocd  in  tbo  ItiimHn  hod)%  pbygtcians  uae  a  small  maxiitmni 
thermomoler,  called  u  fever  ihtrmometer  (Fig.  UH,  lull  size), 
in  which  the  upper  tliroad  of  naorcury  is  ite|iaratci)  by  ti  atualt 
bubble  of  ftir  frcm  tho  mercury  boiow.  Tho  upper  part  of  the 
threail  rises  with  tho  expansion  of  the  men!Ury 
beluw,  but  does  not  fall  ag  this  portion  of  the 
mercury  cools  and  sinks.  IJefore  e%ery  teinixmi- 
lure  tust,  the  upper  thread  must  be  bnmght  Itack 
iutu  ploua  by  8win{;iug  tlio  thorn]  itmctor  about, 
B  double  bond  iu  tho  tube  preventing  the  twu 
|K>rtions  i>f  mercury  from  uniting.  To  iiae  the 
instrument,  it  is  inscrtod  into  a  hollow  of  the 
body  of  the  patient,  e.f/.  under  the  tongue,  and 
allowed  to  remain  for  at  least  six  minutes  before 
reading.  With  a  healthy  man,  the  temperature 
37°'2  C.  would  be  iudicaled.  The  graduation  is 
carried  far  enough  to  permit  reading  to  tenths 
of  a  degree,  and  needs  only  to  be  carried  thruugh 
the  i»oilion  of  the  tulw  over  which  the  temperature 
of  the  bti>i)d  viiritM. 

Thin  method  of  grwluating  the  fiiudamenta) 
di^tauco  into  equal  parts  in  the  construction  of 
tbcrmumctera  is,  of  course,  wholly  srbitmry.  The 
mercurial  thermometer,  hovrevei,  is  of  tho  bighetit 
value  in  proeiso  eetimnto!)  of  Ihermni  pheuotnenH, 
and  the  apparatus  could  bo  illy  di^peused  with. 

100.  Expaniion  of  Solidi. — Increase  of  volume, 
or  expansion,  of  bmlies  with  rise  of  tem[»eraturB 
Pio. S8.— FoTor  is  tHi  slight  as  to  make  special  appliances  n(5':os- 
Thmnomrtcr.    ^^  ^^  ^^^^^  j^  jiorccptible  and  measurable, 

Ijet  one  end  of  a  metal  Wr,  lying  liyri/^utelly  in  a  tin 
trough,  be  hold  by  a  lixed  siipiwrt,  and  uUuw  the  other  to  pre-is 
against  one  arm  of  a  lever,  carrying  at  itH  axis  of  rotation  a 
small  mirror,  «  (Fig.  9!*).  seen  in  plan,  Let  aUo  a  ray  of  light 
fall  ujwn  tbo  mirror,  which  after  rellection  will  produce  a  bright 
spot  upon  a  graduated  Hcale  placed  some  distance  from  the 
mirror.    Ifj  then,  the  bar  be  heated,  the  mirror  will  turn  and 
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the  motion  of  the  Uliuiuuat«<l  »[M>t  will  inuke  the  exptuision  of 
the  l>Ar  easily  perL>eptib]e.  If  tiie  trough  were  filled,  flrst  with 
melting  ice,  or  snov,  and  then  with  boiling  water,  the  distfljioe 
ttHversed  by  the  sjiot  <if  light,  road  from  the  scale,  would  furaiali 
all  estimate  of  the  amount  of  exjiansion  of  the  bar  duo  to  a  risf* 
iu  temperature  from  tlie  freezing  to  the  boiling  poiot  of  water, 
or  from  (f  to  100'  uf  tUo  i;«ntigrade  scale.  To  oblRin  a  precise 
determination,  it  in  only  necessary  to  consider  the  known 
lengtliH  of  tlie  kvor-aTiDfl  and  tlie  distance  of  the  mirror  from 
tbe  scale,  iii  connection  with  tbe  extent  of  ebift  of  the  spot  of 
light.    For  very  precis©  work,  a  ttdeseope  is  directed  towards 
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Ilio  mirror,  which  prodnces  ait  imago  of  the  scale  placed  hori- 
KoQtally  jost  above  tbo  tcloscopo.  'ITio  apparalua  is  30 
adjusted  that  tbe  zero,  0.  of  the  scale  is  seen  at  first  in  the 
centre  of  the  field  of  the  telescope  ii.e.  on  tbe  cross  hairs  of  a 
reticle) ;  bat  after  the  expansion  of  the  bar  and  tbe  consetiiient 
rotation  of  the  mirror,  the  gradnatinn  mark,  m,  is  brought  back 
Id  the  middle  of  the  field. 

£y  means  of  apjiaratns  similar  to  this,  it  has  been  found 
Oiat  a  bar  1  m.,  or  KX.MJ  mm.  long,  comptjscd  nf  the  siibsrtaniTew 
named  below,  expands,  while  the  temperattin^  is  I)eiug  rai-scd 
flrom  0°  to  10(r  C,  by  the  aiur)unts  sot  opposite  tbe  substance 
in  the  following  table : — 


Gb»      ... 

fl-8  nwn. 

Ocrauui  SDver    ■ 

.    14  mm. 

llklinuiu 

09   „ 

Bmm       ... 

.    1-tf   ,, 

Steel 

ii  « 

Silver      ... 

.    1-9   ,. 

Iron 

1-2  ., 

Tin 

.    M   .. 

ooid     ... 

1*  - 

Lead       ... 

.    2«   .. 

Oofiper    ... 

1-7   .. 

Zinc 

..    SO  ,. 

If  what  is  knowik  to  be  nearly  true,  be  aiMumed  exactly 
correct,  viz.  that  the  expansion  taken  jilace  unifomJy  between 
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0"  ami  100",  i>.  for  equal  rises  in  temperature  equal  osiiansiun 
occur,  the  expftiision  for  1°  C.  is  fouitd  by  (livicHng  tho  oxpiiii- 
sioii  for  lOV  by  1(H».  A  zhw  bar,  for  inntimce,  I  ni.  lonp 
eiiwnds,  when  its  temperature  is  raij»e<i  I'C.by  UO.'Jrani.,(>r  by 
0-1)1)003  m.,  w.  by  ■(T.-aVii-i  of  its  oripinal  length.  ITiis  niinmriral 
Talue  expressing  the  fractional  part  of  tlie  lenifth  of  a  body  fit 
0".  by  whidi  it  expands  when  its  temperature  is  raised  \\  is 
termed  its  noefficierU  of  linear  ej-pnnsion. 

If  tho  coedicient  of  linear  espenBton  of  a.  budr  Ik;  denutcd 
by  a,  when  the  body  is  heated  from  U^  to  t',  eacli  of  it«  lineur 
units  inorease-fl  by  at  and  becomes  e^|Ual  to  1  +  a?.  If  £>  is 
the  length  of  the  body  at  0%  its  length  l^,  »i  the  temperature  C, 
is  oonsequentiv — 

/.  =•  i;(l  +  at). 

Many  neefiil  applieationg  are  maflr  of  the  different  rates  of 
ex|Mmsiou  of  bodies,     Since  the  timi?  of  vibraliou  of  a  [jcudulum 
.  Luereoses  with   its  length,  a  cloek  provided  with 

au  ordinary  pendulnm  must  lose  when  the  tem- 
perature rises  aiid  gain  when  it  falls.  In  t^e 
gridiron  pendulum,  t-allod  also  the  compeiiealion 
pendulum  (Fig.  100).  this  diaturling  influence  of 
the  heat  upon  tlie  regularity  of  ihe  rate  of  running 
of  the  clock  is  equalized,  or  eompenmted.  The 
shorter  and  more  expansible  zinc  rods,  22,  tend  to 
L-arry  the  bob  of  the  penduliiiji  upwanl  by  just 
as  much  aa  the  longer  and  less  extensible  iruu 
rods,  e^e,  seek  to  draw  it  tlownward.  Pocket  watchei*. 
Fio.  ino.—  ill  which  thictnations  of  temperature  are  com- 
^"di'i^.  I»iisat«fl.  ft™  called  dtronmiKters.  Witli  these, 
the  expansions  are  ei|ualia:e<l  by  striiis  of  metal 
soldered  together,  so  that,  as  Ihe  tonqierature  rises,  the  inctn- 
expansible  metal  ties  on  tlic  ixinrox  Gido  of  the  cnrye  pro* 
duced.  Such  strips,  beut  to  semicircular  form,  with  tho  wore 
expansible  metal  on  tho  outside,  and  carrying  small  weights  at 
thoir  endi!,  are  attached  to  thi*  cinnimferenre  of  the  balance- 
wheeL  When  the  temperature  rises,  the  weights  apprnach  the 
centre  of  motion,  and  {hereby  0(|ualizc  the  outward  expauMton 
of  the  metallic  ]iarta  of  the  balauce-wbeel.    Such  metallio 
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strips  are  also  used  id  the  cunstniction  of  metallic  tber- 
luometeis.  Witli  the  miLxmiiini  miil  mtniDiiim  thennomcterti 
of  Ilermann  and  Pgster  (Fig.  10  U,  the  npirally  woimd  strips  of 
metal — as,  the  outer  portion  fonsisting  of  steel  and  the  inner  of 
brass — have  their  tuuereudH  screwed  fast  to  the  pin,  a,  and  their 
onter  ends  free.  ^^'itI^  increu^iiiig  tpmperatiire,  the  Imws  ex|)«uids 
more  strongly  than  the  steel,  and  tlio  spiral  opens  somewhat ; 
ita  free  end  moves  ttiward  the  left,  farryiiig  liefore  it  a  light 
movable  painter,  cd,  hy  means  of  the  piu.  y.  On  cooling  the 
spiral    contracts  and  closes,  its    tree   end  moTos  toward   the 
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d^J. 


Fm.  101.^M»litl  SlHximatn  Mud 
Mliilmnin  ThcrDiomotcT. 


Feb.  102.— Quailmnt  TbcrmouuitCT. 


right,  leaving  the  pointer,  cd,  at  tlie  highest  point  reacherl, 
the  piiutor, /t)',  hcing  carried  by  means  of  the  pin,  i/.toivani  the 
right.  AVbcn  the  temperature  again  tissa,  the  free  end  of  the 
spring  returns  toirard  die  left,  leaving  the  pointer,  /ff,  over 
the  highest  graduatitm  racked  hy  it  on  the  right,  thus  indi* 
rating  the  lowest  tempcruture.  The  curved  scale  is  graduated 
by  rompuriMin  with  a  mercurial  thermometer. 

The  guadrant  Uiermometer  (Fig.  L02),  made  in  the  form  and 
siao  of  on  ordinar}*  pocket  watch,  contains  a  circular  band,/^A, 
consisting  of  copper  within  and  steel  without,  having  the  end 


186 


EXPXMIXEKTAL  PffTBlCS. 


/  fixed,  wMle  tbe  odter  end  wwla  by  memaa  of  the  hook,  U, 
•paiust  tlte  projecdon,  ;>,  of  •  lever,  boa,  which  tnmE  about  the 
pcint,  e.  The  lever  oommimicateB  through  the  toothed  aic,  ed, 
and  the  jniticai  eaigaging  with  it,  a  motioD  to  the  ptnnter,  ^  in 
the  directkn  from/  toirard  ^,  «hai  the  ciicalar  strip, /jjl,  is 
ex|»aded  by  a  rise  of  tempecatma.  With  &Uiiig  fanpentme:, 
the  pconter  isTetumedbrtheooilect  spnn^.w.  The  giadoated 
dial  oTU'  vhieh  the  punter  movas  is  not  diown  in  the  figure. 
Tbte  m^aUic  tkermomder  of  Bngoet  (Fig.  103t,  the  nuet 
cmataTe  thns  &r  oonstnicted,  eonasts  of  a  slend^  nketal 
libbcUL  AB,  coiled  hkb  the  threads  on  a  screw,  and  composed  of 
pUtinnm.  g^dd  and  sUver.    Tbe  three  metals,  the  gcdd  betvoen 

the  lesB  expansible  platxnum  en  th^ 
(Oie  ade.  and  the  man  exteoBblf 
fdlTer  <ai  the  other,  are  rolled  into 
an  extremely  thin  nfaban.  The 
lower  eitd  of  the  «nl  eazxiee  a  painter. 
oi.  f^ispended  just  above  agxadtwted 
diaL>"X. 


Fk.  ins,— lb«Tmf*ll«»lHc 


foraaad,  H  tt->  he  k^afiutd  v  tenaac  -Qte 
^^■"■^^  ^**T™»1  fi&cs  {£  ^wl  ciZtbioc 

from  ibe  !«»£«  itiu  ito  tame.  HH.  cf 
mormiy.  ^(tecdi  s  is  cpms  vjii  aat  ttf 
Qfef  TVk''  xim^Etr  f>cpm  Bbf*v^  i£  1st-  cm- 

}ittaM&.  Vt  inoutf  nf  ^  TOBtmrr  koc  ^iif 
7>lM3iniiL  vire.  ThrttaA  'dtf  ujiml  niitriL. 
•md  nctnif  Vr  ^nr  a:'  li«  hnv  f-~^r~' 

^omNtfi  K  Tilt  pttittaiin'  of  dx-  aamBtL  ml  Tsmf  dit  pmntor  I3iriiiua  h 

'Rie  expaxtai'ot  \i  K>&«  tie  bMSaitf  as3  dtesr  fmbseg-naDi 
cvomAfOi'jB  oa  ^x^linf  tak»  jlafV'  wh^  mai  f  Gme.  la  rKi>- 
scrortuif  uvffl  bndfv«.  in  Ityizif  i^  jtCiMd  tuIf  col  TuHraaOK.  eOic_ 
ffianw  Sanrf'  «id<,''«u*^  th^  pen&it  tid  ihr  cx^«xt9<.-ai  d  "an-  «v^sl 

fbew*  itTBa  W  l«ft  iwwwiL  aHl  anaadlif  jams.  -ciuiBTOe-  ait 
MtrartmY'  w.-sui  bf  r«v««ii.  •.-«-  ^rofflto^  tn-  uk-  xrenDBuiL'ntf 
liflKw  iif  f  J.nuvo.'m.     IW  jmsi^  «>««iTY  i^i  lOtt  Xtc«  iXTf  t;-  UU' 
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contracting  tire  gives  8  rigidity  to  the  wlieol  scarcely  uttttiiublo 
by  any  other  known  means. 

Witb  tbotiv  )t»li<ls  rrom  which  bars,  or  rods,  could  be  nutde, 
it  vtoi,  of  ooureo,  most  natural  to  osoertain  first  their  linear 
oxpaosion.  Since,  however,  budies  exjtaud  iu  breadth  and  thii'lc- 
Dei«  at  the  same  rate  as  in  length,  the  exjiausiou  iu  the  volume, 
or  the  wduiuftrtc  expariaion  of  bodioM,  may  bo  obtained  from  the 
linear  cxjjiuiHiiiiL  Hy  the  coulliuiout  uf  voii^metric  nrparwion,  or 
nMoal  ^pamion,  is  meant  the  numorical  value  which  expresses 
wlut  fractional  port  of  its  Tolnmc  at  0"  a  body  expands  when 
ito  tBinp«ratimt  is  raised  ]~.  It  ia  very  nearly  three  times  the 
ooeffioieDt  of  linear  exiiansion. 

If /,  =  tXl  +  mt)  (lonulo  Uio  l«ngtb  of  tho  dgo  of  a  cobo  at  t°,  whera  /, 
U  iu  bogtli  u  <f,  ut»  voliimu  v„  of  tliu  cubs  «t  i°,  is — 

v.^P,  =  /'.(I  +  «(y  =  tf.(l  +  «J)'  =  B.(l  +  3o£  +  3«V  +  .S(») 

Kaoe  «( is  a  miialL  quantity,  Uiu  lut  two  teniu  may  bo  nogloctcd,  oocli 
betng  much  nnoUur  0>au  ml  itaelf,  nod  we  may  writ*,  with  ciuao  approxi- 
inanoo— 

e,  =  t..(l  +3a«)  =  .-^l+tfO 

_wbeTe  3  =  S^i  is  dio  coefficiciit  arcnhicaJ  expiutsioti. 

"   ,  fiSncti  nteciflc  graiity  is  iuTcrsely  as  the  toIuqii),  denoting  tht  UHJIe 
■Titi«B  oftha  body  at  6°  and  C*,  by  t,  and  a,  respectively,  aud  Uiu  ooradttit 
'of  cnldcal  cxpniuion  by  ft  wc  may  writ©— 

»,:«.  =  V. :  vXl  +  at) 


>,= 


l~+M 


=>.ci-«+*v-iW»+..o 


cr,  diarognr^ng  the  yoiy  small  torma,  effi,  IPP,  cto, 
wc  otFtau)  with  mifficicDt  nxocUicss — 

.,  =  1.(1  -  flO- 

101.  Expansion    of  LiquidB. — Only  the 

vooffictt'Ut  of  cubical  oxjiuuiiiuD  can  l>c  con- 

»gidered  uitti  liquids.  To  prove  tbo  fact, 
and  at  the  same  time  lo  determine  the 
magnitude  of  the  volumetric  expansion  of 
u  liquid,  a  glass  Hask  with  a  contraction 
iniUcated  by  a  mark,  a.  in  the  oeck  may 
be  used  (diUUomcter,   l-'ig.   1U4).     If  the 

t  Teasel  be  filled  with  alcohol  to  the  mark  «,  and  brought 
to  0°  by  surrounding  it  with  melting  ice,  end  if  it  be  then 
tixposed    to    the    temperature    of    the    surtouuding    air    by 
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witbdrawing  it  from  ths  ice,  akvihol  will  immediately  rise  in 
the  Deck  of  the  ressel  alxive  the  |H>int  a  into  the  funnel-shaped 
apace  at  the  top,  If  the  vessel  be  iveigheil  fngether  with  its 
original  contents  and  then  again  after  the  lii|uitl  above  tha 
mark  a  has  been  removed,  by  deducting  the  weight  of  the 
empty  Jiask,  the  ratio  of  the  weij^ht  of  the  alculiol  paaeing 
through  a  to  the  weight  of  the  Ii<(uid  at  0"  is  obtaioed,  ami 
this  ratio  ■will  be  the  number  whic^h  expresses  the  fract  ional  part 
of  itfl  original  volume  by  which  the  li<]iiiil  has  tfeen  e:(pandc<L 
l>etween  the  limits  of  temperaturo  ii&ed.  But  the  nmulwr  thus 
found  only  gives  the  apparent,  or  rtSative,  espanrion  of  the 
liquid  with  respeat  to  glass.  The  capacity  of  the  glass  veesei 
also  incrpases  with  the  temperature,  precisely  as  though  it  wem 
a  material  Ixjdy.  To  obtain  the  tnif,  nr  ahaolute,  expansion  uf 
the  liquid,  it  is  necessary  to  add  the  expansion  of  the  viissci 
itaelf  to  that  of  the  li<iuid  as  found  above.  Since  it  is  known 
that  the  i'(>effi(.-ient  uf  eabical  Gxiwiision  for  ordinary  gloss  is 
about  O'U0O25,  this  latter  expansion  in  eaKtIy  computed. 

As  different  varieties  of  glass  expand  iinei|ually,  for  very 
delirate  vrork  it  is  not  sufliciently  accurate  to  iiae  the  cxi- 
eSirieut  of  cubical  expansion  of  f^lass,  computed  from  tliat  of 
tbo  linear  cximnsioa.  Por  each  dilatcimeter,  this  coefficient  of 
cnbicftl  expaneiun  uiuet  be  specially  determined.  This  is 
readily  done  when  the  absolute  expansion  of  any  liquid  has 
been  found.  Dniong  and  Petit  have,  for  this  reason,  deter- 
mined directly  the  absolute  rxpansiou  of  mercury  (1S18). 
The  liquid  was  put  into  two  glass  cylinders,  connected  by  a 
slender  tube.  One  of  the  cylinders  was  cooled  to  0°  and  the 
other  was  heated  to  lOO".  Tnun  tlie  heightsof  the  twoiriercury 
columns  measured  by  a  cathetometer  (an  instnuuent  devisej 
for  this  special  purpose),  the  ratio  of  the  specific  gravities  of 
mercury  at  0"  and  at  HJt)''  wa-*  indicated,  and,  mrrordbgly,  also 
the  ratio  of  the  volumes,  since,  in  two  communicating  vessels  of 
liquid  in  equilibrium,  the  $|)ecilie  gravities  arc  inversely  as  the 
ilensities.  It  was  found  that  while  mercury  was  heatofl  from  0' 
to  100%  it  expanded  by  0'Ul8l  of  its  original  vohune.  If  the 
definition  of  a  degree  of  temperature  as  given  above,  is  to  bare 
auy  detinito  signiHcance,  the  assumption  must  be  made  thiit 
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|botb  mercury  and  glass  expau<l  imitbrmly  between  0^  and  1D0°. 
VMcb  deg:ree  they  miiBt  expand  by  the  samo  amount.  The 
l^te  co©ffieient  of  expansion  of  inort'ury  for  1"  C.  is,  there- 
foro,  OOOUIS.  or  iV^n-  In  order  to  asccrtnin  the  expansion  of 
'the  dilntometer,  tlie  relative  oxptuisiou  of  mercury  ia  obtflinetl 
hy  it,  between  known  limits  of  temperature  as  above  explained. 
Tbis,  snbtTacted  from  the  kiimni  absolute  ex|)ansion  of  mer- 
f«ury,  furnbtbes  the  expansion  of  gl&sii.  If  the  inMntmont  is 
nrt«rvrar(U  for  other  lujuids,  this  ditforence  must  always 
added  to  tho  observed  relative  oxpansion,  to  obtain  the 
true  expansion.  In  this  way  the  following  liquids  have  been 
found  to  bavo  the  expansions  given  here; — 

I  Wutor  0-OM 

From  0=  t»  10(P     Olivu  (hi  0-080 

I  Potroleuiu  frUX) 

„    tP  „  (W       Alcohol  0.137 

„    0°  „  .W       KlJier  0-054 

HoBfc  liquids  do  not  expand  nniformly  {i.e.  tbeir  expanuon 

IdoCB   not  agree   nith    the    assutued    uniform   expacsioo    i>f 

mercury).     They  expand,  as  a  rule,  more  rapitlly  with  Iiighor 

^tban  with  lower  tcmpt-ratiireH,  or  their  uootticicnts  of  cxpaosiun 

not  remain  constant,  but  change  with  the    temperatnre. 

'"With  the  alcohol  thermometer,  then,  which  13  gradualod  by 

compariiwn  with  the  mercurial  thermometer,  the  graduations 

tQcreaae  in  value  txpiitinuously  upward. 

Great  fon'o  also  accompanies  the  e.\pansicm  of  liqttida. 
For  this  reason,  on  tilling  a  cask  with  oil,  ot  potroloum,  it  is 
cugtomary  to  leave  a  small  quantity  of  air-filled  space  to 
prevent  the  bursting  of  thecosk  in  rase  of  a  rise  in  temperature 
of  the  contents. 

A  dilatometer  may  be  used  conversely  as  a  constant  weight- 
tbermometer  in  iletermining  temferaturfM.  Tliu  be^t  form  lA 
tho  iiutrttmi--nt  for  this  ]>ur{iose  i:i  a  glatis  vc»del  with  a  neck 
drawn  to  a  point.  It  is  ii8C<l  by  filling  the  vessel  with  mercurj- 
at  I)',  and  weighing  it.  Then,  after  subjecting  it  to  the 
temperatnre  to  be  dctermineil,  and  a  portion  of  the  mercury 
baa  jwased  out,  the  vessel  is  again  weighed.  The  ratio  of  the 
mercury  which  has  passed  out  to  that  remaining  within  tho  vessel 
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is  the  desired  Telative  expansioiL  If  the  coefficient  of  meicair 
relatively  to  the  glass  used  tuts  been  preTionsly  determined 
(it  is  0000154  for  ordinary  glass),  the  temperature  attained  is 
then  readily  compnted. 

Sttppon  the  contents  of  the  instnunent  at  temperatora  0°  weighs  P,  aod 
at  ^  H  wogfaa  P*.  If  V.  denote  the  Tolome  at  0°,  P  the  coefficient  of  expan- 
non  of  mercmy,  y  that  of  ^ass,  and  t,  the  specific  gravity  of  menxry  at  0°, 
then  at  (°, 

the  Tolnme  of  the  Tenel  ia  vj(l  +  yt) 

and  the  specific  gravity  of  the  mercoiy  n  eqoal  to 


l  +  0t 


AiK>  p=w.  p=v.;-^, 

or,  since  y  ia  very  aniall,  nith  snfficient  aocnncy — 

t^^  =  (.-,>. 

where  0  —  t  !>  the  reJaft  pe,  or  aj^wxent,  coefficient  of  expansion  of  menniry. 

108.  Anomaly  of  Water. — Water  comports  itself  in  a  pecn- 
liarly  interesting  way.  Let  a  glass  flask,  in  which,  throngh  a 
tightly-fitting  cork,  a  glass  tube,  open  at  both 
ends,  and  a  thermometer,  are  inserted  (Fig.  105), 
be  filled  to  a  point  some  distance  np  the  tube 
with  water  at  0"  (i.e.  snrronnded  with  melting 
ice).  Moreover,  let  enough  mercury  be  poured 
into  the  flask  so  that  the  expansion  of  its 
volnme  shall  be  just  neutralized  by  the  expansion 
of  the  mercury,  and  that  the  volume  of  the  water 
filling  the  remaining  space  in  the  flask  shall 
exhibit  its  absolute  volumetric  expansion.  If, 
now,  the  vessel  is  taken  from  the  ice  so  that 
Fig.  105.— Water  jta  cxjutents  become  gradually  warmer  by  ab- 
sorption of  heat  from  surrounding  objects,  the 
column  of  water  in  the  tube  will  sink  until  the  thermometer 
indicates  4\  The  water  will,  thereafter,  gradually  rise  to  the 
original  height  at  C^,  which  is  attained  at  about  S'',  after  which 
it  rises  continuously  with  the  temperature,  though  with 
increasiug  rapidity.  We  see  firom  this  that  water  contracts  from 
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(TC.  to  4'  C,  aiid  then  expaiiils  as  the  temperature  increases  ; 
that  a  mass  of  water  has  a  smaller  volume  at  4!*  than  at  any 
other  temi>crftture ;  and,  conse<|ticntly,  that  at  V  it  has  its 
maxiranin  density.  Hence,  its  specific  gravity  also  has  its 
greatest  value  at  this  temperature.  One  liter  (or  lOOO  cub.  cm.) 
of  water  expands  on  heating  from  4'— 

to     C'  by  X  cttK  eni. 
„    tO»  .,    I      „ 

so*  h 

„     GO"  „  17       „ 
„  100°  ,.  «      .. 

It  18  due  to  thirt  reuiartable  property  that  the  water  of  our 
largo  lake^  never  freezes  to  the  bottom.  In  winter  the  super- 
(ictal  layers  of  water  cool  by  conveotion  and  radiation  tbroagh 
the  air  and  sink,  yielding  their  places  to  warmer  water  from 
below.  This  continue.?  nntil  the  temperature  of  maximum 
ileusily  had  been  reached,  or,  iu  utber  words,  uatil  the  whole 
mass  haH  attained  the  temperature  of  4'.  l{  the  suri'ace  layers 
become  still  <:older  they  (cannot  sink,  since  they  uro  rarer 
than  the  layers  below.  \Vheu  the  surface  layera  have  reached 
the  temperature  of  freezing  they  will  be  converted  into  ice. 
The  ice  must  also  remain  upon  the  surface,  and  thus  the 
surface  will  beuume  t^ivered  with  a  protecting  mantle,  which, 
retaniinc  radiation  from  beneath,  permits  only  a  very  gradual 
thickening  of  the  ice.  At  great  depths,  a  lake  maintains  the 
temperature  of  4"  the  whole  year  through,  even  when  it  is 
completely  frozen  over,  thus  rendering  [MMsible  the  (lerennial 
existence  of  atguatic  animalR. 

This  praciMs  may  be  iraitate<l  in  miniature.  A  tall,  wida, 
cylindrical  glass  vessel,  in  which  two  thermometers  are  fitted. 
one  with  its  bulb  near  tho  iH)tU)ni,  and  the  other  liaring  its 
bulb  neaj  (he  top,  is  tilled  with  water  at  the  temperature 
of  an  onlinary  dwell iDg-niom.  If  tho  wator  is  wwlod  fnim 
above,  by  ilropping  pieces  of  ice  upon  its  surface,  tho  lower 
thermometer  for  a  time  sinks,  bat  stops  at  4°.  and  remains  at 
this  [Hiint  while  the  tipper  in^tniment  stands  continually  at  0~. 

103.  Expansion  of  Aeriform  Bodies,  or  Oaaei. — In  measuring 
tho  expansion  of  gattuti,  it  must  be  remembereil  (hat  the  volume 
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of  a  gas  depeiuU  not  only  u|K>n  its  tcmpentaro,  but,  from 
>[ariott«'8  Uw,  also  upon  tlie  pressure  to  which  it  is  ospoM'l. 
In  measuiiafe'  the  volumes  <jf  ihu  original  ami  of  the  expands 
gaa,  therefum,  care  mast  be  taken  that  tlit^  niea<iiiremeiiU  are 
executed  with  the  gases  under  et)ual  prcs.snre&  The  apparatus 
of  Fig.  JU6  can  be  advantaf^eomjy  u^e^l  to  accomplish  this 
porpu^e.  A  hollow  glajw  ^l"''**.  A,  ia  connocte<l  by  a  slender 
glass  tube,  B,  with  the  shorter  branch,  C,  of  a  wider  glass-tube, 
CD  (manometer),  into  which  mercury  may  l>e  silmitteil  through 
the  open  hrauch.  D,  aud  lul  i>ut  thnmgh 
the  tap  at  c.  The  mercury  column  in 
I)  may  thus  be  made  to  stand  at  any 
desired  height,    lu  the  shorter  branoh, 

0-^  I  a  pointer  is  attached  near  the  top  of  the 
'^^'^^  I  cylindrical  enlargement  at  a,  to  be  nacl 
HM  an  index.  Thu  globe,  A.  whose 
volume,  together  with  that  of  the  tnbe. 
B,  to  the  index,  a,  has  Ifeen  preriouidy 
det«rmin6d,  is  filled  with  dry  air  and 
suTTOundod  with  melting  ice,  or  enow. 
By  means  of  the  tap,  b,  still  in  connoL'- 
tioii  with  the  outer  air,  the  surface  of 
the  mercury  in  the  shorter  branch  is 
brought  to  the  index,  a,  and  in  the 
hmger  to  the  !«me  level.  1'he  tension  of 
the  air  im^idc  tho  globe  is  then  equal  to 
that  of  the  external  air,  tho  latter  being 
indtCAted  by  a  barometer.  If  the  lap,  h,  is  now  cloeeil  and 
tho  globe.  A,  is  snmmndefl  with  steam  (vapour  of  Imiling 
water),  the  air  in  the  globe  expands  and  drives  the  mer- 
cnrial  column  of  the  dhorter  branch  downwanl.  and  that  of 
the  longer  branch  upwanl.  By  aid  of  the  cock,  c,  enough  of 
the  mercury  is  now  drawn  off  to  make  the  mercnry  stand 
at  the  same  height  in  both  branches,  when  the  internal  and 
external  taiuion  will  again  be  equaL  If  the  snriace  of  tho 
mercury  in  the  shorter  branch  ix  at  d,  the  enclose*)  air  ha.^ 
expandeii  by  the  volume  between  a  and  d,  for  a  rise  in  the 
temperature  from  U°  to  100^.    The  space  between  a  and  d  mml 
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lined,  and  to  this  end  the  tiihe.  e,  U  filled,  after  the 
exirarimoat  is  finiahed,  to  a  with  mercury,  while  emiugh  of  the 
li(|uid  is  then  drawn  oS  through  c  to  hriiig  tUe  siirfuce  tod, 
whereupon,  by  weighing  the  mercury  rlrawn  off,  the  'leaired 
volume  is  readily  obtainefl.  it  is  found  in  this  way,  that  1000 
enbt  cm.  (1  I)  of  atmosphoric  air  expands  whon  heated  from  the 
freezing  to  the  boiling  jwint  of  water,  by  307  cub.  cm.,  or  by  \  '2'\ 
of  its  original  volume.  For  all  other  gages  the  same  expansion 
is  found.  If  the  expnusion  of  gases  be  assumed  nniform. 
their  common  (".ooRicicut  uf  expansion  le  „  J  „  or  O'003()7.  We 
arrira  thus  ut  the  low  of  Gay-Liissac  (Charles,  1787;  Dalton, 
1801 ;  Gay-Lussoc,  1802).  With  eqn»l  pressures,  all  gases 
expand  hy  equal  nmountH  on  heating,  i.e.  by  ., }  ^  uf  their  volume 
Bl  0°,  or,  nil  gases  have  the  same  ciwfBuient  of  expansion  oh  air. 
TUm  law,  in  conjunction  with  Mariotte's,  that  the  temperature 
tif  B  ^an  remaining  tlio  same,  the  tension  varies  inversely  as 
the  volume,  furnishes  complete  information  with  regani  to 
the  relationit  whicli  connect  the  temperature,  prestmre,  and 
volume  iif  n  giu.  In  |mrticii1ar,  we  .tee  that  if  &  gaa  be  heated 
white  \Ui  volume  remains  con<<tant.  it.s  temiiou,  for  each  degree 
riiw)  in  tempftrature,  incrcas>^  by  ^^  of  ito  toiuiuii  at  0\  For 
if,  in  the  apjurutua,  Fig.  106,  the  volume  of  air  ut  lOU"  reach- 
ing to  cl.  be  compressed  by  pouring  Mercury  into  the  tube,  D, 
to  its  original  magnitude  (at  a),  or  in  the  ratio  of  13(i7:10<)O, 
aocor«ling  to  Mariotte's  law  the  teiuion  mui^t  imrrease  in  the 
iuTerse  ratio  of  13(!7 :  llX)0.  Tlie  tension  w<iuld  in  this  cose, 
of  (uinrse,  ha  the  same  as  if,  during  tku  rise  in  temperature 
from  ir  to  100°,  the  cx[iaUBion  Kail  boon  proventt^tl  by  pouring 
mercury  into  the  open  branch,  D.  That  an  iuorcaso  of  ton.sion, 
in  the  ratio  mentioned,  ho;  ai^tually  oi'curred,  may  be  goon  from 
the  heights  of  the  mercurial  oolnmn  in  the  larger  branch 
wljove  the  pinnt,  a.  It  is  fonnd  to  !«  iVo'c  "'  l?a  "f  the 
sunultaucous  bar<»metric  height.  We  see,  thus,  that  the  co- 
efficient of  expansion  of  gases  is  at  the  same  time  aim)  their 
coetficienl  of  teusion,  which  latter  indioatea  the  inciemont  of 
pressure  and  of  ti^iutou  rea{)ectively  for  each  degree  <tf  tempora- 
tuie,  the  volume  remaining  the  same.  It  is,  then,  [>0!isible  to 
obtain    this  coefticient  of  tension  also  by  observing  in    the 

o 


1» 


EXPSSmSlfTAL  FHTSJCS. 


btancht  D,  the  height  of  the  mercarial  colnnrn  above   the 
index,  a. 

104.  Air  Thennometen. — After  the  expansion  of  gases  has 
been  found,  the  instrument  shown  in  Fig.  106,  may  also  be 
used  as  an  air-thermometer  to  ascertain  the  temperature  of 
the  air  within  any  space.  The  globe.  A,  is  bronght  into  the 
space,  and  either  the  expansion  under 
constant  pressure,  or  the  increase  in 
tension  «ith  constant  Tolnme  is  ob- 
served, and  from  the  observed  datnm  the 
tempeiatnre  is  ascertained.  The  second 
method  is  to  be  preferred  as  being  more 
convenient,  and,  at  the  same  time,  mure 
accniate  than  the  first.  The  air  thermo- 
meter (Fig.  107)  devised  by  Jolly  (1874) 
is  especially  convenient.  llie  two 
branchesof  the  manometer  are  connected 
by  a  rubber  tube.  By  the  aid  of  sliders 
un  the  vertical  column  and  a  graduated 
scale  etched  on  the  surface  of  a  mirror 
and  fixed  along  one  side  of  the  column, 
the  tube  may  be  moved  upward  and 
downwanl  by  measurable  amounts.  If 
the  eye  be  so  held  that  the  image  of  the 
pnpil  coincides  with  the  meniscus,  the 
line  of  sight  over  the  meniscus  strikes 
the  scale  perpendicularly,  and  thus 
the  error  introduced  by  oblique  vision 
(parallax)  is  eliminated. 

Experience  shows  that  air  and  gas 
thermometers  generally  agree  much 
betterwith  one  another  than  do  mercurial 
tliermometers  constructed  of  difieient  sorts  of  glass.  The 
tlifrerence  of  expansion  of  the  different  sorts  of  glass  has  a  far 
smaller  influence  npon  the  data  of  gas  thermometers  than  upon 
those  of  mercurial  thermometers,  since  a  gas  expands  146  times, 
and  mercury  only  seven  times,  as  much  as  glass.  Furthermore, 
a  gas  thermometer  may  be  used  nithiu  much  wider  limits  of 
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tempemtiire  tlmii  »  mevvnri*!.  The  utility  of  the  latter  ia,  of 
oourtM,  comprised  between  the  limili;  set  "by  the  fVeezin^  and 
bwiliuj;  [loints  of  mercury.  The  air  therindmeler,  or,  still  Itetter. 
the  oxygen  thermometer,  has,  tburetore,  Leeii  selected  a^  the 
Dormat  thermometer  to  whoso  ilutu  in  precis  measuremetits  all 
readiDgs  of  the  mercurial  therm  rimeter  are  referred.  The 
as>nim])tiuu  is  made  here  bXhu  that  e<iiial  (-hant-ea  of  volume,  ur 
of  tensiuii,  t.'urrespoDd  to  equal  cliaogeti  of  temperature,  or 
that  ^aseit  expand  uniformly.  Fruui  tlie  circiimstence  that 
lietniM;n  0"  aud  100°,  the;  mercurial  thermometer  agrees  very 
climely  with  the  air  thermometer,  we  infer  that  within  theiw 
limitK,  the  expansion  c^^f  inorciu-y  ir;  al^i  unifi'inu. 

105.  tfahotte-Qay-Luuao't  Law — Abiolnte  Temperature. — If 
lit  0°  and  under  a  pressure  of  p^  the  volume  of  a  gas  lie 
denoted  hy  v,.,  KCfarAiw^  to  rray-TjUKiiac'-i  law  the  volume. 
v„  at  temjierature.  /„■  the  ptcHauro  remaiuiug  unaltered,  is 
friren  by — 

vrherea  =  .^jh-   H  new,  with  constant  temperature,  the  i>t«3»iu« 

is  changed  from  p^  to  ;).  aci.'ording'  to  Mariotte's  law,  the  new 
volume,  V,  will  be  obtained  troiu  the  equati<^n — 


or 


pf=^v„ 

;jf  =  p,.V,  ( I   +  ai). 


This  etiuation  Ik  a  Kymbulic  repre*eutation  of  the  reaidt  of 
combining  Mariutte's  and  Gay-Lussat's  laws.  It  \»  sometimes 
(Wlcd  the  conditional  equatiou  of  a  gaa,  Itecause  it  expresses 
the  intor-relation»hi|)  of  the  three  niagnitndea,  prowure, 
volume,  and  tension,  p,  v,  (.  upon  which  the  condition  of  a  gas 
depon'U. 

If  t  remains  niiehangetl,  p,,Vu(l  +  ot)  is  also  comilant,  and 
the  general  equation  then  expresses  Mnriotte's  law,  viz.  ^  = 
a  conMtaat 

If  the  pressure  remains  fon«taiit  (j>  =  p^  from  0"  to  I*,  Gay- 
Ltiasac's  Uw  roBults,  v  =  *„(!  +  at). 

If,   dually,  the  temperature  is  ohonged,  and   the  volume 
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remains  ocHuUnt  (v  =  0;)  horn  0"  to  t",  from  the  genenl  equa- 
tion, we  obtain  for  the  pressure,  or  the  tension — 

Conaeqnentlf ,  for  erety  degree  of  rise,  or  fail,  in  temperature, 
the  pressore,  or  the  tension,  increases  or  decreases  hv  a  =  ^r, 

of  its  value  at  0°,  and,  as  vas  found  above,  the  coe£Scient  of 
expansion  becomes  the  coefficient  of  tension. 

Assoming  these  equations  to  hold  generally,  it  follows  that 

for  f  = =  —  273,  the  toision   of   a    gas  Tanishes.    This 

a 

temperature  is  called  the  absolute  zero,  and  the  temperature 
reckoned  from  it,  obtained  by  adding  to  the  instantaneous 
temperature  f  of  the  Centigrade  scale,  the  number  273,  is  called 
the  aimoliUe  ttn^eraturt — 

T  =  273  +  *. 

ilaaj  aimplifications  are  made  possible  br  the  introduction 
and  use  of  absolnte  temperatnre.  The  Mariotte-Gay-Lussac 
law,  for  instance,  may  be  pat  in  the  form — 


pv  =  PJO^i  +  J..^ 


273' 
or,  what  is  the  same  thing. 


y,=^(273  +  ,>=(|5)T, 


and,  by  denoting  the  constant  qjiantity  -fj,!^  by  R ; 

pv=  RT. 

The  Mariotte-Gay-Lussac  law  may  then  be  thus  expressed  : 
For  all  gtuet,  the  produ^  o/prtsmn  into  vdume  is  proportional  to 
the  ahtolvie  temperature. 

The  number  R,  which  is  the  same  for  all  gases,  is  calletl 
"  the  constant  of  the  Slariotte-GaT-Liissac  law  (the  M.  U.  L. 
law)." 

This  law  also  hoMs  for  lh«  oeimolio  ptvsaurv  i_78).  wiih  wfaiob  the  pure 
solveDt  (water)  passes  tliroiurh  the  "  aeini-|<ervious "  partition  towani  a 
disBolTod  sabetance  f*^.  so^iar).    A  panition  wall  which  is  penoeabk  to  the 
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•«l»nt  ftlon«  bt  eoJIod  " Mmi-porvjouR."  Sacli  n  inoinbrkno  cornnoMd  of 
copper  forro-cyftnido,  formi  ii;foa  the  bucr  eurfncc  of  ft  poroiu  MtCUDwarc 
«eU  liv  Ui«  inlcraotion  of  calcium  foiro-cjimide  nnd  cvppcr  sulphate.  If  die 
oell,  iuled  with  a  lolution  of  nig>r,  b«  sarroiuiiifid  bv  wat«r,  n  murcuriiil  m*no- 
m«ier,  CDrnmnoicnLitie  witli  the  inlen'oT  of  the  cell,  sliowe  Uiut  tli«  usiiioUc 
pnaBnroiflproportioual  totiie  dejcracofcoiiccutration,  ia  to  Uke  donaity, oF tlte 
dinolT«4  mbrtAnco  Kiid,  nitli  ct^ufl]  dcnaitice,  it  incrcoaee  br  gfi,  for  1"C. 

STufTcr,  1877).  Oeinotic  pressur^i  i»,  tlioroforc,  the  fuiino  as  f  ho  prcaauro  iriiich 
e  (liiwolvud  subetancv  would  uxort  if  it  were  tUatribatcd  in  a  guKOue  fonn 
tbrougliout  tin  opooe  occupied  by  tin.-  i">1iitiou  (Von  t'lIolT). 
TniH  Iav  U  more  ncwlj  corruct  tlio  mrdr  ttit-  fiolulion. 

108.  Deviatioas  from  Uariotte-Oay-Lnsiiac'B  Law.  —  The 
beharioor  of  gases  ileporls  slightly  from  this  law.  ItegnaiUt 
(1847)  found  that  air  and  (.'arboaic  arid  dimiiiUh  in  rolome 
somewhat  moro  rapidly  with  iiicreasiiiR  projaiire  than  w 
required  by  Wariotte's  law ;  but  oxygon,  on  the  contrary, 
diminishes  somewhat  less  ra])idly.  It  was  also  found  that  the 
coefficieDtfl  of  expansuin  of  variuiis  gases  are  not  exactly  eqnal, 
and  that,  with  one  and  thu  Ktmu  fras,  the  niefficient  of  expan- 
bIob  U  not  exactly  etjual  to  the  coefficient  of  t«iuioiL  A  pas 
which  would  exactly  follow  Itlariotte^Oay-Lussau's  law  ia  termed 
an  ideal,  or  a  per/ert,  gns.  The  deviations  of  any  ]iarticular  f*ad 
from  its  ideal  t-on'lition  im^rease  with  increasing;  preaxure 
and  rising  temfemturu,  hut  all  ^ises  approximate  the  jterfec-t 
gasoons  condition. 

The  moro  perfect  conditional  equation  of  gasee,  given  by 
Van  der  Waals  (187M),  whii^h  takex  twgnizance  of  the  deviation 
from  the  ideal  law,  is — 

where  a  and  I  are  small  nitmerioil  values  to  be  determined  by 
obeervtttion.  For  «  =  U  aiiJ  b  =  l»,  this  reduces  to  llie  Ideal 
law,  pv  ^  BT. 

107.  SeterminatiOD  of  VolimieB  of  Gasei. — Since  a  quantity  of 
•^as  may  be  made  to  i«rifui>y  any  desireil  volume  according  to 
the  temperature  and  pressure  to  which  it  is  exposed,  there 
wunld  evidently  he  nu  meaning  in  an  attempt  ^>  determine  its 
volume,  unless  at  the  same  time  the  pressure  and  temperature 
oftbega8woredetenuiue>I.  If,  however,  tbe^c  tworirrumstances 
known,  it  is  easy  to  lind  from  Jlariotte-Gay-Lussac's  law, 
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the  volumo  of  the  gaseous  mass  under  a  pressure  equal  to  that 
of  K  Rolumn  of  mercury  of  760  mm.  and  at  the  temperature  0°. 
It  has  been  nonventiunally  established  that  the  condition  of  a 
gM  under  this  pressure  (the  normal  barometric  pressure)  and 
tem^ierAture,  shall  bo  designated  its  normal  eont^on.  To  this 
oumliiiott  all  mpasuioments  of  gaseous  properties  must  be 
rtxluoed  ti>  make  them  comparable  with  each  other. 

SupiKiso.  for  example,  a  quantity  of  gas  has  been  collected 
o\'«r  a  pneumatic  trough  611ed  vith  mercury,  in  a  glass  tabe 
graduateil  to  t^entimetres,  and  that  its  volume  is  t-.  The 
|weMun  iit  tVmud  by  subtiacting  from  the  simnltaneons  baro- 
UMlrio  ht>tght  (in  mm.)  the  height  of  the  merenrial  column  in 
(he  tube.  The  tempetKtnre,  t,  is  that  of  the  surrounding  air. 
rMut  fWnu  a  thermometer  hanging  near.  The  Tolume,  r^ 
in  tho  normal  condition  is  found  now  from  the  equation 
fM'  m  p,r«U  +  mi\  wheiv  all  majmitudes  are  known,  since  p,  is 
t»b>u  equal  t\t  7^1  mm. 

MM.  Spwafle  GiaTitf  of  Ouaa. — To  obtain  the  weight  of  the 
air  in  it»  nt^mtal  condition,  the  air  within  a  glass  globe  oS 
wJ(WB»  «'  i^in  ouK  om.V  is  raretied  as  much  as  poesiUe.  and  the 
(tn^Miw  h'  mnt.  of  tho  remaining  air  i^:  read  from  a  testing 
NawnetiN.  The  glv^be.  which  is  provided  with  a  tap.  is  then 
pW'^1  uixw  a  baluhv  and  o«.Mint«qv>i<«^l  ^wefenbly  !«■  means 
t4'  »  wsxMht  equally  lanr»  gl<.4«e.  n't  that  the  hooyant  effeoi 
<^  iW  Mvxvli'tptnj;  air  may  W  t}>e  same  co  both  sides'i.  tui 
th*  t*|^  w  v^vnoil.  Vh*  Stsi  cl-^W.  havinir  crown  bearier 
ftvviw  tk*  air  a.tiaitt<eil  into  it.  sinks,  and  wsiiAts  y:  grani>> 
n»t$<  he  l-wt  TO  the  t^^her  fiL-vde^jias  to  iv'SJ^n*  e>q3iiibT:::=i- 
The  air  nt*w  Avabiuiwd  in  liie  gk>)«  ha?  tie  Mxoe  i^^^cc  a> 
tlio  ^vatMd^  »»r.  *s  »  iitiK«l#d  by  tW  bar.«)eGn.'  bfiirii  ■  ?  y^  . 
*J  ih*  ti»»*k     ?^»»-*  ike  *M*s»^^T^  ,-c  i>*  air  it;  ih-  '^■:h^  he-i  -re 

a)A%lwicn«vicWvi.i$f  —  >  mi»  his ■».■■»  snc^wEiiaJ  r  ncK  -ni- 
.v:  air  .u'  >  -  >  naa.  w<iB<4t-«  *».-  ai  f  O,  ii»  t«B:|««xrr  c  lii* 
fivjvriiwifit  iv\i«'>  wNu:))  r  CTMn*.  TV  x-,\haDi^  r_  :c  tin-  ar- 
M-Jii.'it  iias  >w««i  iiwriwi  im  it?  D.-rmfcl  .--oiTnsv-e.  i?  ibar  ■j.'CDi 
»v>»  til*  •K-'X^e  Aqnasi.-oi :  ayi  =  Tr^'  itn.,  tnc  Tiw    JKert^f; 
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weight  of  a  cubic  centimetre  of  air  is  found  to  be  equal  to  '-■ 

The  weight  of  a  ctibio  ceiitinietor  of  air  at  0'  and  under 
780  mm.  pressure  is  thiia  fouml  to  be  Ot)01"29Jl  g.,  or  1  litre  of 
air  wcigli»  l''J!Kt  g.  In  it.^  iii>rinAl  (xiiiditiuii,  therefore, 
air  is  ^1  g  at)  heavy  as  an  e(|U)iI  voluiuo  uf  wotor  at  4°  C,  aud 
.J„  =  0*OOr293  oxprossea  the  specific  gravity  of  air  with 
rospect  u*  water. 

Treating  nther  gases  in  the  hiudc  way,  their  specific 
(gravities  may  likewise  bo  obtained.  Since  the  specific  gravltiej) 
of  aeriform  bodius  rt'forrwl  to  water  are  very  small  numbers,  it 
ia  prcfciubtti  to  mfer  them  U>  air,  nr,  etill  better,  tu  hydrogen, 
the  lightest  of  oil  gases ;  and  &s  all  gasee,  according  to  Alartotte- 
Gay-I.Hssoti's  law,  change  their  volumes  acw>rding  to  the  same 
law  with  variatiuns  of  tenaperaturc  and  pressure,  we  define  the 
itpecific  gravity  of  a  gan  us  the  Number  u^to/t  expresMet  how  many 
timeg  the  ga»  ia  heavier  than  an  equal  volutiie  of  air,  or  hydrogen, 
of  the  oame  temperature  and  jtrsmtre. 

Tbo  DpeciAc  graTities  of  eome  of  the  gusea  most  frequently 
met  witb.  referred  to  both  air  and  to  hydrogen,  are  given  in 
the  aiHionijiaiiy  iiig  table. 


Qm^ 

m&ltmA 

trtrtjtau) 

WAlr. 

Hfilottin. 

Bjrdtoseii    

0-0C92 

1(H)0 

AnuDOnlitni 

IH«i7ft 

ft-50 

Mitngeo      

OS714 

14-00 

Air  ... 

1-0000 

14-4& 

Oxygon 
HjruTOcbloriu  iiciil  pis 

1-1066 
1-2470 

I6-D0 

18-00 

CSarbonic  uciil  pn  ... 

li)-JXI» 

i£-m 

Cranogen     

Cblorina  gaa 

l-80Ufl 

•id-m 

2-470U 

Xr(A> 

109.  Melting— Melting  Point— Melting  Heat— When  a  bo<ly 
ii  exposed  to  boat,  its  teui[vnituru  rises  until  it  reoche.-^  a 
certain  height,  whereupon  the  bmly  passes  into  the  liipiid 
condition,  or  it  molts.  For  e\'ery  substance,  melting,  as  a 
role,  occurs  at  a  fis^eil   and  definite  temperature,  called    ibe 
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ttuUing  point.    Tht 

foUawiug  uTO  the  melting 

bodies ; — 

•c. 

Heronry  ... 

...  -3«*0 

Zinc 

toe 

on 

Antimooj' 

Bauol     ... 

...   +  4-4 

Sllvor       ... 

tWIow     ... 

...      48-0 

ar  ::: 

ParsiBii    — 

...      46-0 

Wax 

...     ea-o 

Cast  iron  ... 

Suljiliur    ... 

...     IIW) 

CutBted ... 

■no, 

...    2300 

Wnm^tiron 

BisDiiith  ... 

...    250O 

PbitiiniiD  ... 

Cadmium 

...     3a<K) 

Iridium    ... 

Lead 

...    SSft-O 

•a 
412^ 
4A2-0 
1000-0 
1100^) 
IWOD 
1200-0 
137IW> 
16000 
1775-0 
I950-0 


It  is  a  remarkttblo  fact  that  the  meltiiii;  point  i^f  many 
metallit:  mixtures,  willed  aUoys,  is  below  the  meltioK  point  of 
either  of  the  constituents.  The  quick  sylder  of  tinkers,  wn- 
Histing  of  a  [larts  by  neijiht  of  tin  and  1  of  load,  molts  »t 
195°  C;  Rose's  ulloy,  2  jiaits  uf  bisiuuth,  1  of  leatl,  and  1  irf 
tin,  mclta  Leloiv  tlie  Ijuiliiig  jjoint  of  water,  at  95^;  Wood's 
metal,  1  to  2  jiorts  uf  cadmium,  7  to  8  parts  of  bismuth,  2  parte 
of  lio,  and  4  of  lead,  fuses  at  G^"  to  W.  All  bodies  melt 
with  Buffij-'ient  elevation  of  temperature,  provided  they  are  nut 
chemically  decomposed  before  reaching  the  mellioj»  [w«nt 
{e.ff.  wood).  Coal  alone  has  hitherto  shown  itselt'  iucajiable 
of  fusion  by  (he  means  at  otir  dirtiHtsal. 

So  long  as  melting  continues,  the  body  maintains  con.itiuitIy 
Ihc  tcmjicrature  of  its  melting  point.  If,  on  a  oold  winter  day, 
a  vessel  filled  witli  siiow  which  has  been  cooled  below  the 
freezing  j>oiiit,  to  —  5 ,  for  iustaneo,  be  jdaeorl  ujion  a  warm 
stove  with  a  thermometer  inserted  in  tlie  snow,  the  mercury 
gradnally  riseet  and  xhouH  that  the  tero[>erature  of  the  snow 
becomes  -  -1",  ~2,  -  V\,  to  iP,  suci-e-wivoly.  Hut  at  D°  the 
mercury  rouiains  stationary,  until  the  siir>w  bus  Ifoou  com- 
pletely molted  and  converted  into  water  at  l>'.  The  liquid 
then  booomes  warmer  and  the  thermometer  rises.  Although 
heat  1.4  tteing  continually  imparted  to  the  veasel  by  the  stove, 
while  th«  thawing  of  the  snow  lasts,  no  rise  in  tempomtnre 
ui-cuni.  The  heut  i»  all  cmuiumed  in  transforming  snow  at  0" 
into  natcr  at  0\  Kuch  heat  is  nu  li>n<;er  cither  perceptible 
to  the  sensoB,  or  detectable  by  the  thermometer.    The  fact 
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that,  with  a  nniform  addition  of  lieet,  the  melting  {iToee^ 
lasts  lunger  the  greater  the  mass  uf  the  body  to  \io  melte'l, 
leads  to  tlie  idea  of  ((uantity  of  heat,  or  Oiermal  quantiiy.  The 
aniouut  of  heat  rtjuiiired  to  cuuvert  1  kg.  of  a  btKly  into  the 
liqiud  oonditiou  in  called,  the  melting  heat  of  the  body,  or, 
since  it  is,  in  a  sense,  bound  up  within  the  body,  or  within 
the  resultini^  llijuid,  it  ts  also  called  the  hound,  or  latent,  heat 
(Block,  1757).  T«)  determijie  the  InU-nt  heat  of  ioe,  let  1  kg.  of 
dry  snow  at  O'  I>e  mixed  with  1  kfj.  of  water  at  8(FC.  After 
the  snow  is  melied.  there  will  be  li  kg.  of  water  at  V.  Coiiae- 
(juently,  all  the  heat  given  oil'  by  1  kg.  of  water  on  co>diug  from 
W  to  0"  C,  is  consumed  in  converting  1  kg.  of  snow  at  0°,  into 
1  kg.  of  water,  also  at  0".  lu  utlier  words,  for  the  mere  melting  of 
1  kg.  of  ice,  precisely  the  same  quantity  of  heat  is  needed  as  is 
required  to  raise  1  kg.  of  water  from  0"  to  80'  C.  The  quantity  of 
heat  recjuired  to  raise  i  kg.  of  water  by  1'  C.  is  railed  the  heat 
unit,  or  aUorie.  The  latent  beat  of  ice  is,  therefore,  S*  ralories, 
or  heat-umt&  It  in  now  pos^hle  to  form  au  estimate  of  the 
enormous  quantity  of  heat  eotumnieil  in  ttpiiug  to  melt  the 
winter's  aeeuuiulatiau  of  hiiuw  and  ice,  mid  which  i«  wholly  lost 
to  the  development  of  auimal  and  |ilaul  life.  On  the  other 
hand,  if  ice  at  0"  were  suddenly  trausformed  into  water  without 
the  ixinBumiitiun  of  this  immense  thermal  supply  ftimished 
gradually  from  the  sun.  the  danger  from  the  ovetHow  of  water 
Would  he  far  greater  than  'm  actually  the  vam. 
The  latent  heat  uf  Home  budiee  ia  here  given — 

iM     

I'htwblionw   ... 

Snlpnnr 

LuiA 

If  a  Tcesol  of  water  with  a  thermometer  immoreed,  be 
ex[>o8ed  to  a  very  low  tem|>eraturo  in  the  open  air,  the 
men-ury  will  sink  until  H  is  reached,  loo  then  begins  to 
f>>rn),  atid  the  mercury  remains  at  U^  iwlil  the  bulb  is  entirely 
encased  in  ice.  lu  spite  of  the  fact  tlmt  heat  is  continually 
withdrawn  fn«n  the  vessel  by  it*  colder  environment,  the 
llKTmonieter  uovertheless  does  not  sink,  though  the  freezing 
contiunes.    This,  of  courae,  is  explicable  only  on  the  hypothesis 


«>0 

Kiwnnlli 

...   la-e 

trO 

Tm     

...    M-* 

»-4 

Sflw 

...  2i*i 

5'S 

Zinc 

...    M'l 
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ibat  the  solidification  of  writer  is  ftCffompaiiietl  hy  a  development 
of  heat,  which  replaces  the  heat  withdrawn  from  the  ressel  and 
keeps  the  teniperetnre  constantly  at  0". 

When  the  buiIy  freezes,  therefi)re,  the  heat  absorbed  by 
it  on  melting  is  again  liberated.  The  large  qnantity  of  beat 
released  by  the  freezing  of  water,  retnjda  \ery  materially  tlir 
on-coming  rigonrs  of  winter. 

Water  at  0"  freezes  on  the  withdrawal  of  lieal,  and  iee 
at  0'  melts  on  the  application  of  heat.  The  temperatnre  uf 
solidification,  i.e.  the  freezing  jKiint  of  water,  cniiirides  with  its 
melting  point.  Under  spociul  (lireumstaneefi,  however,  viz.  by 
preventing  a^Ifttion  and  oxchiding  air,  liqnldH  may  1*  eooled 
fat  below  their  melting  points  without  solidifying  them.  Thoy 
are  said  to  lie  under-eooleA,  or  otwr-wici/i^,  and  the  phenomenon 
is  called  Qver-meldng,  or  retardatioTi  of  solidrfiontion.  If  a  vessel 
of  water,  with  a  thermometer  ininierseil,  l>e  covered  with  «  layer 
of  oil  and  siibjecte<l  to  a  brisk  frrtnt  in  the  open  nir,  the  ther- 
mometer may  be  made  to  sink  to  — K'  or  —10*  nithoiit  freez- 
ing the  liquid,  A  slight  agitation,  however,  will  instantly 
c&uee  the  freezing  of  a  sutliciont  <iuaiitity  of  the  water,  and 
the  ('onseijuent  liberation  uf  snffieient  latent  boat,  to  bring  th<* 
temjierattire  of  the  entire  mass  of  water  back  to  0; 

If  crVHiallixed  sodium  sulphite  be  melted  (melting  point. 
48')  in  a  glass  test-tnbe  and  the  lirpiid  be  kept  quiet,  it  will 
cool  to  the  temperature  of  the  room  flS)  without  freezing.  U 
solidifies,  however,  on  agitation,  or,  more  certainly  still,  on 
throwing  a  crystal  of  the  same  substance  into  the  liq^nid;  thi* 
temperature  at  the  same  time  rises  ijuickly  to  48*. 

Most  lK)dies  expand  on  melting,  and  some  quite  smldcnly. 
Phosphorns,  for  instance,  increases  in  volume  by  IM  percent,  on 
being  melted.  On  the  contrary,  some  bodies,  such  as  ice  and 
bismuth,  occupy  loss  space  in  a  molten  than  in  a  solid  condition. 
From  1000  cub.  cm.  of  ice  at  0^  only  910  cob.  cm.  of  water  at 
0"  ere  obtained,  and  on  freezing  lOOO  cub.  cm.  of  water  at  0\  a 
sudden  pxj«in.sii»n  amounting  to  HO  ciih.  cm.  octnir*.  Ice  in,  then, 
specifically  lighter  than  water,  and  will  float  even  in  l)oiliDg 
water.  Tho  force  with  which  this  expansion  tikes  place  ia 
so  groat  that  Basics  titled  with  water,  lead   pipes,  and  even 
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thick-iralleil  tM>niti'she)ls,  are  burst  asander  hy  the  freezing  of 

tbeir  contents. 

With  bodies  which  expand  ou  melting,  the  meltiui?  point 

i.t  raise<l  by  an  external  pressure,  Uit  it  ia  lowered  with  thow 

snbfltances  which  contrwa  on  liquefying.     The  meltiuff  point 

of  ice,  for   instance,    is   lowered    by  0'12!).    bv    an    external 

]»res8uro  of  ]7  atmospheres,  and  with  13,000  atmospheres,  water 

reiQains  in  a  liquid  condition  even  at  —  18"  {Slonsson,  1858). 

If  two  piecos  of  ieo  be  cempresse*!  tof^ether,  from  the  lowering 

of  the  molting  point,  melting  will  occur  at  the  surfaws  of 

contact,  and  when  tho  pn?.s8ure  is  relieTed,  the  molten  water 

will  be  again  solidified,  the  ice-blnclcs  at  the  same  time  will 

be  liozen  flrmly  together.   This  process,  which  in  the  formation 

and  moTemetit  of  glaciers  plays  m  important  a  part,  is  known 

as  revelation  (Faraday,  1850). 

.  TtiQ  frcoEuis  [loiat  of  &  VvyitA  is  low(>rc<I  proportionallv  to  the  qiiwitltjr  nt 
the  diBsolved  MiDstaace  coniniitcd  in  eoluiioii.  Qiuatittca  oi  rarionanibaUnoM 
whicli  aro  propartJooo]  to  tlicii  malcculfir  weights,  prodnoo  the  Mine  depmBion 
nf  tlw  frccxinc;  [Kritit  when  acted  "|miii  liy  tlie  mmv  HolvenL  Tlii^  pro|>cny, 
which  holds  for  dilute  salntioaa  of  tiontrnl  or^nic  Rubatnnccs,  laftjr  be  dbgiI  to 
obtain  tbo  moleculnr  wciKlits  nf  thme  ni1j8Uii«»  (Itauull,  1682). 

110.  Freeriag  Mixtares. — Whenerer  a  solid  posses  into  a 
liquid  condition,  heat  is  consumed,  or  "  bound,"  or  rendered 
latent,  whether  the  transfi-'rmation  be  effected  by  melting  the 
8olid,  or  by  dissolving  it.  While  the  heat  reipiired  tn  melt  ii 
body  most  lie  furnished  by  wurming  the  body  fn.mi  without,  n 
M>lid  Ixitty  may  be  disKolved  without  the  addition  of  external 
heat.  The  (piaiitity  of  heat  rtt[uire(]  to  convert  the  solid  into 
a  lii^nid  {disi^vintj  ht^ai,  or  heat  uf  solution)  most  then  he  taken 
the  constituent  [^larlioles  of  the  eolution  itaelf,  and  the 
tomporature  mnat  therefore  sink.  If  a  handful  of  pnlveriiftd 
)ialt|x>tre  be  thn)wu  into  a  glass  ol'  water,  the  solutiuu  will  lie 
at  once  cooled  by  a  few  degreei.  If  ammonium  nitrate  is  dtK- 
Mred  rapidly  in  (jqual  viduntvH  of  water,  itn  tomporature  will 
II  by  27";  if  jwtoasium-aulphooyanate.  the  temperature  will 
dtop  by  34*.  If,  instead  of  water,  ?now  or  ioe  be  used,  the  ice 
will  bo  reduced  to  a  liquid  by  reason  of  the  presence  of  the 
salt,  which  strives  to  enter  into  solution  with  it,  and  from  the 
consumption  uf  the  salt  ami  the  higher  latent  heat  of  the  ice. 
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a  very  consitleralile  reduotion  ui  tem|)emture  ensuea.  If  a 
quantity  of  linely-cruiihed  ica  be  mixed  v\i\\  hslf  ax  large  a 
qnaotity  of  table  salt,  the  tamgierutiirc  falls  t<>  20"  bulow  zero. 
Thu  mixture  is  usod  by  con  feet  iuiters  in  tlie  pri'itarution  of  ices. 
Snow,  with  twice  the  (|uaDtity  of  calcium  chloride,  ])Todace8  a 
luixturo  at  —  4^''C.  IJilute  sulpliuric  aciJ  poured  over  siiow 
melts  it  rapidly,  and  reduces  the  t6ui|>orature  to  from  40°  to  50^ 
belon*  zero. 

Tlie  beat  consumed  in  dissolving  bodies  is  a^ain  set  free, 
wbeu  the  dissolved  body  is  sejiarated  fniin  the  s^liitiou  in  a 
aoUd  condition.  If  into  an  over-saturated  (76)  solution  of 
sodium  sulphate  (Glauber's  BuJt«)  a  crystal  of  this  same  salt  W 
thrown,  crytitairuuitinn  immediately  begius,  aud  the  entin? 
mass  rloe:*  tuu^iidembly  in  teuijieraluro. 

IIL  Heat  of  Crystalliiation — Heat  of  Chemioat  Combination. 
— Cop[«r  Kulphiiti)  fiirmii  with  nutcr  the  beitutilul  blue  cni'stal^ 
knoua  as  blue  vitrioL  On  heetiiiff  them  they  give  off  their 
water,  whtcli  was  held  as  a  solid  coiutiluoul  within  the  crystaUr 
and  the  salt,  thus  freiHt  of  its  nuter,  remains  behind  as  a  bright' 
grey  powder.  If  water  bo  now  added  to  the  powder,  the  mass 
becomes  blue  again,  a  portion  of  tbe  water  sulidifying-  as  water  of 
CTT^Inllii:atiou,  and  a  considerable  qnantity  of  heat  boin^  libe- 
ruttxl  {heai  of  etystaliuatiim).  The  fryp^-um,  occurring  iu  miture, 
lA  calcium  sulphate  with  water  of  crydtaUintion,  lows  the  lattox 
oonstituont  on  he«tin>;  ^kuowo  as  ^min^).  INilveruod  faomt 
gj'psum,  ground  to  a  paste  with  nater,  is  used  in  the  manufai!- 
tore  of  plaster  casts.  Its  adaptability  to  this  purpo(«e  depends. 
upon  the  fact  that  the  gypsnio,  which  is  Irw  frum  water,  i 
thv  w-ater  mixed  with  it  »£  water  of  crystallizatioD»  and,  ooid8»- 
«)aeiiily,  the  omirc  mass  npt>Uy  hardens.  This  piooesB  is  also 
attended  with  the  liberaiion  of  a  i.mQ3i<lerable  ({iiaDtity  of  hemL\ 

Tbe  solidiljcation  of  water  likewise  a^-omiiiames  the  si 
of  burnt  calcium,  or  lime,  and,  aa  is  well  knunu.  the  prucen 
aooompanied  by  a  nolent  libemtioB  u(  hea^  Burnt  calciG 
(caldtuu  oxide,  CaOl.  i;euerated  by  beating  native  cwlcium 
(calcium  carbuaate,  (.'at'll^)  in  a  titk-ium  o\ea,  thus  driving  off 
the  water,  combines  with  a«ter  lo  |>ruduoe  caldnm  hydroxide 
^CaU^Ot),  ur  AJead  eaJeium.  uhich  i^i  a  sidid. 
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Witli  all  these  processes,  ediI  especially  with  the  latter, 

vheiiiical  forces  also  act,  which  iNtrnpel  the  water  to  enter  iuto 

the  solid  aa  ono  of  its  constitiiont  purts.    The  heat  cl«Yola[ied  in 

the  formatioQ  of  a  chumtcal  compound,  and  which  is  always 

a  lixed  aiid  deteruiinalo  i|iiaiitity,  is  ctillod  the  heai  o/ebemiwtt 

combination.     The  (fe]uirat!(>n  of  the  ronatitiierits  entering  into 

ouiubiiiution    consumes    the    .same   (juanlity   of  heat   ott   waa 

develojwd  by  thoir  combination.     All  artiticinl  5oun%»  of  heat 

<iepeiid  upon  combustion  (oxidization),  i.e.  xiixm  the  ohomical 

i-ombitiation  of  the  fuel   with   the   oxygen   of  the   air.     For 

measiirliig    tin-    heat    of    rheniical    combination,    the    ipoter 

calorimeter  in  uHetl.     This  inKtrument  (xnitains  a  vessel  vithin 

which  the  chemical  action  takes  place.     The  number  of  heat- 

uuits  producctl  by  burning;  u  unit  of  weight  of  the  resjtcetivo 

ftaeU  is  given  iu  the  apjHmdcd  lint : — 

Hydrogen 34400               SltMiriL- acitl 97-20 

Quoliue    tl-860             CIuicm]     80-80 

Petroleum II-OM               Alcohol        91-90 

C41  of  lunjeiiline   ...  lO'BSO               Stone  cofti GG-fiO 

Wax          lOSOO               Fir  wood      U-iO 

Animal  heat  arise-s  in  eoDsoijtionco  of  chemical  proceesos 
going  on  within  physical  organi8m.t,  and  especially  from  the 
combining  of  the  carbon  taken  in  as  foixl  with  the  inhaled 
oxygen.  The  heat  of  the  body  of  u  healthy  man  is  ST'-'iC, 
And  i«  hut  little  afto(ic«l  by  eilher  climate  or  ajce. 

112.  Formation  of  Steam,  or  Taporization — Eraporation. — A 
[■vessel  of  water  eet  over  the  lire  Kooti  boil».  Bubbles  are  seen 
to  rise  in  the  water,  which  liecume  more  and  mure  nnmen)U!i  an 
the  temjKjralnre  nm»,  and  suou  a  violent  motion  of  the  lii^iiid 
oosiicji,  accompanied  by  a  bubbling,  or  gurgling,  sound.  These 
bubbloK  cuntaiii  not  air,  but  water  in  a  gaseoua  condition. 
They  rise  to  the  aurfai-e,  burxt,  and  ilittcharge  their  contents 
inbi  the  air,  with  whicb  they  mix,  and  form  a  traa3|<arcnt, 
invLsible  gas,  called  vapour.  The  visible  cloud  uhich 
riiteti  above  the  surface  of  the  bcfilin^r  water,  is  not  rapour, 
liiit  it  consiata  of  exceedingly  line  drops  of  water  which 
havo  been  condensed  from  the  vapour  oii  cooling'.  Thi^  cloud, 
bowoTCT,  soon  assumes  the  form  of  an  invisible  aqneous  gaa. 
By   continued   heating,  the  entire   mass   of  water  eonlainod 
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in  the  vessel  may  be  readily  oonTerted  into  Taponr.  (The 
passage  of  a  liqnid  into  the  gaseons  state  is  designated  by  the 
general  term,  vaporvcatum.')  Water  is  transformed  into  a 
gaseous  condition,  not  alone  at  the  temperature  of  boiling 
Hater,  but  the  transformation  may  occnr  at  any  lower  tempe- 
rature. If  a  qnantity  of  water  be  exposed  to  the  air  in  a 
shallow  opoi  vessel,  the  water  slowly  disappears.  This  formation 
cf  vaponr,  which  takes  place  slowly  and  qnietly  at  the  snrfiuK 
of  a  liquid,  is  called  tvapora&jm.  Heating  accelerates  the 
process,  although  it  doea  msi  entirely  oease  with  cold.  Etct 
ice  and  snow  are  obeerred  to  difniniuli  io  bulk,  and  gradually 
to  disappear,  even  in  cold,  dry  weath«.  Bodies  which  are  easily 
vaporiaed,  even  at  low  temperaturee,  are  called  veiatiU. 

In  the  cases  just  considered,  the  formation  of  steam 
occurred  in  the  presence  of  air,  with  which  the  steam  immedi- 
ately mixed.  The  properties  of  vapour  are  studied  by  confining 
it  in  a  Torricellian  vacuum.  Into  the  first  of  four  Torricellian 
tubes,  by  means  of  a  curved  pipette,  let  a  quantity  of  water  be 
admitted  into  the  vacuum ;  into  the  second,  a  little  alcohol ;  into 
the  third, a  little  ether;  and  let  the  fourth  remain  empty  to  be 
used  as  a  barometer  to  detrnmine  the  instantaneous  atmospheric 
pressure^  ImmediatelymtheintrodoctMXiof tbeliqaidsfthemer- 
cohal  columns  in  the  first  three  baromMer  tubes  are  seen  to  sink. 
In  the  tube  containing  water  the  depression  amooDts  to  IT  mm. : 
iu  that  containing  altx^tol,  to  44  mm. ;  and  in  that  c<mtainin^ 
ether,  to  435  mm. :  provided  that  in  each  case  the  tempoatnre  o\ 
the  sarrounding  air  be  kept  constantly  at  20~.  These  de[«es- 
$i<»i5  i'aaoot  be  doe  to  the  mere  weight  of  the  small  quantities 
of  liquid  above  the  mercurial  colnnms.  To  de[vess  the  mercur)^ 
by  17  mm.  would  require  a  oolumu  oi  water  231  mm.  fai^h. 
Thflv  can  only  arise  ^m  the  pressure,  or  tension,  of  a  gaseous 
iuas$  in  what  were  originally  pertev-t  ranu,  that  is.  of  the  vapour 
prvxluoed  trom  the  liquid.  It  is  alio  noticed  that  it'  the 
temperature  remains  i-unstant,  the  heights  ot'  the  nmcnriaf 
colontus  suffer  no  change,  and  the  ma^s  of  liquid  still  remain- 
ing unevap(.tnted  aU.>ve  the  mercury  does  not  diminirsh.  X'.> 
further  vapour  tbruis  within  this  space,  and  the  space  is  there- 
fore said  tu  be  satu,nxt>:d,  >.t  tilled  with  tatmvted  vttfottr. 
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To  aKiertaiu  more  precisely  tho  behavioar  of  vapoure  tiuder 
Bueh  eonilitioii!!,  fill  u  jjliwa  tub©  80  or  50  cm.  long,  closed  at 
une  end,  wilb  mercury,  leaving  a  small  portion  tmfilled  fur  tlie 
reception  of  the  liciuid  to  be  tested — ether,  for  example.    Let 
tlie  tube  ivhioh  I'lontaitu  only  th<k  two  liquids  be  now  closed 
with  the  finger,  and  its  end  inmicrgod  under  the  surface  of 
mercury  contained  in  a  deep  vessel,  and  let  the  Sngcr  be  tlien 
removed.      No  air  ^iliuulil  be  allowed  to  enter 
the  tube,  which  must  lie  placed  vertically,  as 
abowD    in   Fig.   108.     Beneath    the  mercurial 
column.  \>*Iiieh  at  2U°  is,  soy,  435  mm.  lower 
than  the  barometric  height  at  the  same  instant, 
a  small  ijuantity  of  liquid  other  is  admitted  into 
ibe  tube,  which  fills  the  vacuum  immediately 
with   a  transparent,  or  with  an  invisible,    gas. 
liCt    the    space   above    the    mercury   now  be 
increasod  by  drawing  tho  tubo  partially  out  of 
the   bnsiu  of  mercury  bolow.      Tho  height    of 
the  mercurial  column  and,  accordingly,  also  the 
ptessuie  on  the  ether  gas,  do  not  change,  but  the 
quantity  of  the  li<iuid  ether  det-reases.    As  the 
spac«  within  which  the  vapour  is  formed  Jncreoscii, 
more  ether  vapour  is  formed  of  the  same  t^osioii 
as  before,  and,  so  long  as  any  liquid  remains,  the 
apace  will  continue  U>  be  Maturated.    If,  Instead  of 
saturated  Ya{K)ur  of  ether,  a  little  air  should  1}0 
contained  in  the  upjier  [mrt  of  the  tube,  on  in- 
creasing the  Volume  the  preHsure  would  diminish 
and  the  mercurj'  would  uow-fsarily  rise.     This  will  al.so  I<«  the 
case  with  the  ether  vapour  o^  aogu  a*  all  tlic  liquid  has  evapo- 
rated ;  for,  ifthe  space  for  vapourbeincreosof-l  by  withdrawing  the 
tube  beyond  the  jwiinl  at  which  the  liquid  ether  has  disappeared, 
the  column  of  mercury  will  l^e  seen  Ut  rise,  and  it  will  lie  found 
that  the  tension  of  the  va|M)itr,  now  no  longer  wturated,  will  vary 
invereely  as  the  volume.    If  tho  tube  bo  again  lowered  dooi>er 
into  tlie  mercury,  the  tension  of  the  luisaturated  vapour  will 
inonaae,  according  t^t  Mariotte'^  law,  with  its  dem^ity,  the  mer- 
ciuia]  column  will  sink  ti>  itt  ori>;iiuU  height,  and  the  saturated 
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state  will  be  again  reached.  If  the  tube  be  pushed  still  deeper 
into  the  basin  below,  it  will  be  seen  that  from  now  ou  the  lieiji^M 
of  the  mercurial  roliimn  ami,  r()ii8e<]iienlly,  ali^o  the  tension  of 
the  ether  vapour  (435  mm.),  remaiuti  nDi>1ian}:^eil.  At  the  same 
time  liquid  ether,  in  oyer-increasing  quantities,  will  !«  Dliserred 
to  ciillcet  abtire  the  surface  of  the  uierniry  iiuti),  tiiitiily,  the 
entire  mass  is  reconverted  into  li(|uid.  While,  thitrefuro,  the 
nnsAturatod  vaponr  follows  Ulariotto's  law.  comporting  itself  na 
a  tnio  gas  in  rospoct  nt'  ('hanging  voliimo  ami  pro>9Aure,  the 
aatiiratcd  vapour  does  not  conform  to  this  law.  Diminution  of 
volume  does  not  increase  its  tension,  but  oieroly  txiTidensos  r 
corresponding  portion  of  tho  vapour  into  liquid,  while  the 
remaining-  space  continues  tn  Iw  tilled  with  saturated  vapour 
of  constant  tonsion.  The  tension  of  the  vapour  in  a  saturated 
condition  {termon-t  or  presmre  0/  mturation)  is  accordingly  the 
maximum  tension  attainable  by  the  vapour  ander  the  pre- 
vailing tompemture.  The  SHturatwl  vajiowr  is.  consequently 
detiignftted  as  that  possessing,  at  thu  tcmiM-ratiire  considered. 
the  sfreatatt  2Xfmble  tanifion,  or  which  in  at  its  maximum 
imsiori. 

113.  Tension  of  Saturated  Vapours. — When  a  space 
containing  saturated  vapour,  together  with  the  liquid 
from  whit'h  it  was  formed,  is  heated,  a  purtitm  of 
the  liquid  vaporizes,  and  the  spare  iu  quratiun 
become-s  saturated,  for  this  higher  tem[)eruture.  with 
Tftp*)ur  of  gteuler  density  and  hi*hcr  prttwurc.  When 
the  space  is  again  cooled  to  its  former  temperature, 
the  newly  formed  vaptuir  is  again  prepipitateil  iu  the 
oonditiiiii  (tf  a  liquid,  the  s[miTt>  rf^maiiiing  n<.^aiii 
SBtnratwd  for  the  lower  temperature  with  the  former 
quantity  of  vapour.  To  every  temperature  a  definita 
tensiiui  of  vapiiur-satnratinn  corresponds.  To  show 
Kio.  109-—  this  to  be  true  for  water  vapour,  for  example,  let  a 
iwr'"'t[  little  of  the  liquid  bs  above  be  brought  into  the 
Torricellian  vai^uum  of  the  lianrjiiiHler  (Fig.  100), 
where  it  will  iiuttautly  evaiwrateifflrtiallyand  till  the  space  with 
^turated  vapour.  Let  the  barometric-tube  be  now  enclosed  within 
a  larger  tube  containing  the  water,  which  is  to  be  gradually 
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tt»rmed  from  O''  to  luti .  With  rmns  tomperaturc  the 
meKnriol  colomD  sinks,  untU  at  100*  the  mercory  out«ido 
nnil  iusiile  the  tubo  slautl  al  ihn  same  height  The  vapoui- 
lijiisiou  fur  any  tempemlnr*'  amy  l>e  found  by  subtractinjr 
ihe  height  of  the  inerciiry-coliimii  in  the  tube  coDtainiDj; 
the  vapour  from  the  siimiltaneniwly  nhservod  barometrir 
lietghl.  The  foUowiu^  table  ^ivotj  the  teasioc  of  saturated 
n-ater  vapour  to  100°,  expressed  iu  tennti  of  the  beii^ht  of  the 
mercurial  (.'olumn  (in  niTii.)>  whic^h  bulds  it  in  equilibrium. 
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Ail  is  i4eoti  from  the;  table,  nntur  al.  the  freezing  point  (0") 
fumisbos  vaiMmr  ca|)ublc  of  depressing  a  mercurial  column  by 
4*5  nun. 

Water  vapour  is  devel<)|ie<l  even  ironi  iee.  To  msasnre 
the  tension  for  temporaturcii  Ijelon*  the  frooziog  point,  the 
u]i[ier  portion  of  the  liarnnietfr  shmild  be  Rurroundod  hv  a 
suitable  freezing  mixture.  .Vl  the  twiling  point  uf  water 
(100')  the  tension  of  saturated  steam  is  the  same  as  the 
pre^ure  of  the  atuiMsphere^  or  it  ei|nala  a  prej^ure  uJ*  one 
tttuu>$}}lten,  which  b  suificlent  to  Hiutaiii  a  column  of  mercun- 
760  mm.  high.  The  mercury  iu  the  tube  is  depres^d  until 
the  Burfave  is  on  the  tiami>  t»vel  m  the  Kurfat-e  uf  the  moicurv 
iititKide.  With  still  higher  heating  the  vapour  would  ov«r- 
»jme  atmospheric  pressure  and  esi>a)H>  from  the  tubo  through 
the  mercury.  For  tflmpcratures  beyond  the  Iwiling  puiut,  llie 
pruceas  uf  determining  the  teii»ion  of  vu[K)ur  just  outUued  doe^i 
uot  suffice.      The  apparatus  of  Fig.  110  may  then  be  UKe<l. 
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A  U-shaped  tube,  witli  one  of  its  bmnfhes  short  and  Imiwl,  bim! 
the  other  long  and  slender,  is  partially  filled  with  mercury  by 
leaving  the  end  ot'the  shorter  tii  be  ojien.  Thememiry  rises  t^ithe 
same  heif^ht  in  iKttli  branches,  A  i"|HBntity  of  water 
ia  tbon  poure<l  in  the  upper  end  of  the  short  branch. 
and  boiled  until  all  the  air  h  expelled,  whereupon 
the  opening  is  quieldy  welted  shut.  At  100' 
the  mercnry  stands  at  the  same  height  in  both 
branches  ^tSe  longer  being  ojien  at  the  upper 
end),  berause  the  Hatiiiated  vBi>our  at  lUO"  holds 
in  equilibrium  the  atmospheric  pressure  acting  in 
the  open  branch.  But  if  the  temperature  bo  raised 
higher  than  IW,  by  immersing  the  lower  portion 
of  the  apparatus  in  a  hot  bath  of  oil,  for  example, 
the  men-iiry  rises  in  the  long  branch.  The  latter 
fonuH  an  open  manometer  (84),  and  the  elevated 
portion  of  tho  column,  gtres  the  excBSS  of  the 
vnpoui  tension  over  external  otmes]>horic  pressure. 
Snppose  tho  height  of  the  niereiiriat  eutumn  to 
be  7^  mm.,  tho  tension  of  the  vapour  must  then 
hold  doubU*  the  stmospherit;  pressure  in  efpii- 
librium,  or  tho  tension  amounts  to  two  otmo- 
spbore«.  imo  of  whirh  is  the  normal  stmonpherti^: 
pressure,  and  the  other  the  ecgual  pressure  due  to 
the  7t>0  mm.  eolumu  of  nien^tu'y.  It  is  generally 
the  ('ustom,  fur  tfae  sake  cf  eleuruesH,  to  express  these  vapuur- 
teiuiions  directly  in  "atmospheres"  (each  equal  to  7G(I  mm. 
pressure).  This  is  done  in  the  fullowing  table,  whiuh  gives 
the  fenaion  of  saturated  water  vapour  for  higher  temperatures  : — 


Km.  no.— 

Vojwur 
Manometer. 


THDpvnliini 
Ifl(H) 

ni-7 

UO-G 
127-8 
133-9 
188-2 
144-0 
146-3 

isa^ 
iefr9 

169^ 


TtnMini. 

Twpi^nttirT. 

Jum. 

^C. 

I-O 

ioxb  . 

1-5 

ie.v.t  . 

a-0 

i6n-a  , 

tf-S 

new  . 

3Hl 

17M   . 

3-S 
4-0 
4-& 
M 
5-5 
6-0 


1808 
21  ao 

iS&9 


Touton. 
Atui. 


10^ 
20O 
30-0 
40-0 

GO-I) 
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From  thU  and  the  foregoing  table  it  appears  that  the 
totuHon  of  saturated  Tapour  nseo  at  an  increaaing  rate  ati  the 
ten)(iem1iiro  rises,  sinco  not  only  the  1«iu[>eratiire,  hut,  by 
continual  vaporization,  the  density  also  increases.  Bnt  to 
permit  of  the  formation  of  vapour  and  of  the  couMMjuent 
iimtiiiual  flaturation  of  the  ^\we,  it  is  necessary  to  ki>«p  a 
quantity  of  liquid  present  and  in  oontact  with  the  vajKinr. 
If  all  the  liquid  ohoiUd  become  Taporiscd  and  the  teiujwra- 
lure  should  still  riso,  tho  vapour  wouht  exjmiid  projxirlioa- 
«lly  to  the  increase  of  the  tenijwrature  if  the  tensimi  remain 
i-nustant ;  or  in  cAse  no  expannion  wore  allowed,  the  tenston 
vuuld  incroaiso  at  thin  .same  rale  (Mariotte-riay-Lussac*!*  lawV 
The  8pao8  would  not  then  contain  all  the  vfl|x»«r  it  Lt  cupiibjo 
of  holding  at  the  }^ven  temperatnre,  and  would  thetefore  not 
be  saturated.  Such  an  unKatuTBtiHl  vapour  is  itaid  to  be 
imjttiy-hfMtiul,  Ixjt-ausc!  its  tcnipt-raturu  is  lii^rlier  lliiui  that  of 
aatumtud  vu|Hiur  of  the  same  tension. 

Wbvn  a  ooluUe  subrtouce  ia  added  to  ft  liquid,  the  Unfion  of  its  nalarated 

Tapour  itimin!shc«  proportional ly  to  Uio  <|.uaiitil}-  uf  the  (liMolved  raalerial, 

^terulH  brutight  inU)  Uio  midio  eolveat  m  i|unuliticjf,  proportioaBl  la  iboir 

're  mvlcculitr  wuij^lita,  produce  equal  ilimmiilionit  or  precnue  (Raonlt, 


lb  prapoeition,  whlcli,  hDwon-r,  holds  for  only  dilute  Mlutiunii,  may  bo 
OBCd  to  octcrmino  molecular  wdghte  i^.  100). 

Ill  Boiling,  or  Ebullition. — The  vat>ori/atiun  of  n  liquid  at 
»o  rapid  a  rate  a^  to  bo  a^^companied  by  the  lilxtration  of  great 
qnantitieen  of  va[M>ur,  iti  bnbblett,  throughout  the  heated  mass  is 
i-alled  boiling,  or  tbuliiiioH.  lu  this  pnicpss  Ta|>our  ih  formed 
uot  alimc  at  the  surfai:e,  hut  the  fomiatton  of  vapour  extends 
alno  into  the  interior  of  the  liquid.  Bubble?  of  vajiour  can 
I'onu  within  the  moaa  of  a  liquid  only  when  the  tension  of  the 
va|K>ur  they  contain  is  able  to  hold  in  equilibrium  the  pressure 
npon  the  liquid  at  the  place  of  formation.  A  liquid  will 
thereforo  boil  when  it  ha«  reached  the  temjieraturo  at  which 
the  tension  of  itt<  naturatod  vapour  e^jnahi  the  external  pres^iurQ. 
This  temperature,  which  is  also  the  boiling  piint.  is  aecord- 
ittglydeprndont  U[)on  the  external  pressure,  so  that  the  smaller 
the  external  pressure  the  lower  is  the  boiling  point.  The 
n0rmal  Mtin^  point  of  water,  ndiich  has  be«i  choeen  aa  the 
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fixed  }ii>hil  uf  tlie  thermometer  ei'ale,  aud  duaiguateil  J00^  k 

ihe  tempernture  at  w  biuh  saturated  water  vapour  has  a  teusiou 

uqual  to  the  uurmal  atmospheric  pTessnre,  oi-  is  the  tenii>6ratiii-e 

at  which  it  holds  a  mercurial  i^ohunn  of  760  mm.  heij^bt  in 

equilibrium.     If  a  thermoniGter  should  be  constnicted  at  a 

(lifierent   atuiospboric    pressure,  e.g.  at    n   baromotric    height 

of  720  lum..  since  it  may  be    futind  from    a   fuUer  table  uf 

tensioDii  that  water  rapour  renchea  this  tension  at  98°-o,  the 

fimdanaental  dit^tauoe  thus  obttunetl  must  be  divided  intu  itut 

lUO,  but  iuto  080  ]>art8  to  obtaiu  a  correct  scale.     Ugiitu  hi;;h 

mouutaias,  or  jduteaus,  where  the  atiuospberio  pressure  i^  W-a 

than  at  the  sea-U-vel,  water  boils  at  a  lotver  temperature  thau 

I  Oft"'.      U]H)ii    the  tii|i  of  >[uut  BlauG,  for    illustratii>n,  nt  a 

height  of  4775  m.  above  the  sea.  where  the  barometric  heijjiii. 

is  ouly  417  mm.,  water  boils  at  84",  i.e.  at  the  temperature 

wh<:ro  the  teoaiou  of  water  vapour  is  also  417  mm.     If  Iho 

boiling  point  of  water  in  an  opeu  vessel  bo  determined  at  au 

elevated  statiou,  and  the  oorrespoudiug  tension  be  tuken  fn>in 

a   tuble,  the   barumetnc  height    prevailing   there   ix    Iciionn 

without  observlnj,'  the  barometer,  aud  from  the  atmoKplieric 

pressure  so  ascertained,  the  height  above  the  nea  of  the  place 

of  observation  may  W  com]mted  (83).     A  thermometer  laui- 

Btructod  for  Ihijt  piirpo»e,  whose  scale  is  graduated  ^)  very 

small  subdivisions,  and  contaius  only  a  very  few  ^'railualioii^ 

below  the  l>oiling  point.  It  ifalluil  a  hypnomeiffr.     ITnder  the 

ret«iver  of  ao  air-piini]i,  «ater  may  bo  mo^le  to  Lull  at  any 

tom^wroture  bulow   the  boiling   point.     In  a  glu^  (task  half 

filled  with  water,  let  the  water  be  brought  to  builiug,  and  aUow 

all  the  air  to  bo  driven  out  by  the  escaping  steam.    Ohiwc  the 

mouth  now  with  au  air-tight  corlc,  and  place  the  tlosk  in  a 

vertical  position,  mouth  downward.     Aljove  the  water,  which  is 

now  cooled  below  the  boiling  point,  the  water  vapour  will  exort 

s  pressure  uorresjHmdiug  to  its  temperature  upon  the  liipiid. 

If  cold    water   Ite    poured   over    the   I1a.tk,  the  water    within 

begins  to  iKiil  vigoroiuly,  Ijeiauac  the  prc&mre  of  the  vaptmr 

upon  the  liquid  in  auildcidy  diminished  by  cooling,    .-\gaiii.  if 

by  boiling,  all  the  air  be  driven  out  of  a  gloss  tube  wliich 

expauds  iuto  a  bulb  at  either  end,  the  bnlbs  being  {lartiallv 
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filled  with  Bli-ohol,  and  the  tub©  be  then  bermetimlly  seaJwI, 
»}  that  nfler  cooling  the  euclosed  liquid  to  the  ordinary 
lemperntiim  it  is  ex[Kmed  only  U*  llie  low  prewiiire  of  its 
vii[K)itr,  ttie  heat  ur  the  band  nufliceti  to  make  tho  li<iuid  iMjil 
{puUe  hammer),  A  tube  contuiuiug  uater  and  rxhaiLstod  of 
nir  it)  tbi^  way  is  called  a  icaler-hammcr,  because  on  iihokin^ 
t\i(}  Tcsael  the  n'atcr  strikt^fi  against  the  {*lasH  walls  with  n 
metallic  ring. 

In  an  open  vessel  a  litjiiid  can  never  be  heateil  iil»ove  itn 
iMMling  point,  which  rorres|H)nd.<i  t^i  tlie  prevailing  temperatnre 
■t  the  instant.  Imcaiiso  as  soon  as  the  boiling  bas  bognn  the 
heat  applied  from  without  is  cimsumoil,  not  in  raisin-;  (ho 
teniperatnre,  hut  in  converting  the  liquid  into  the  gaseons  state. 
In  a  closed  vesxel,  on  the  contrary,  since  the  vaponr  eonnot 
wcape.  the  tension  of  the  rajMinr  pressing  against  the  liquid 
'vlies  more  ami  more  with  continued  hwiting,  and  roneequently, 
the  boiling  point  must  also  ri8&  Under  a  preseure  of  tvo 
atmospheres,  water  boils  at.  121";  under  three  atmospheres,  at 
V-W",  and  so  forth.  Upon  thi«  principle  the  vapour  {Hirridge- 
pot  (I'apjn's  DigoHter,  1681}  depends,  the  purpose  of  which  is  to 
Iteat  the  water  and  the  food  to  bo  boiled  to  a  higher  temperature 
than  is  |>083ib!e  in  an  open  Teasel,  thus  pniduiMiig  quioker  and 
more  complete  results.  It  consists  of  an  iron  pot  with  a  cloae- 
Ktting  lid  fastened  by  Bcrews.  The  lid  is  providerl  with  a  safety 
Talve  atid  a  tap  for  the  roooption  of  the  articlea  to  be  cooked. 
The  valve  prevents  the  ten-^ion  of  the  vapour  from  excee<ling 
n  certain  limit.  Tf  the  interior  of  rach  n  vessel  1)0  connected 
with  the  receiver  of  an  air-pump,  hy  which  the  <wnfined  air  may 
l»e  condense<l,  or  raroHeil  at  will ;  and  if  the  highest  point 
reat^hed  by  the  mercury  of  a  thermometer  in.'iorted  into  the 
interior  be  ob«orve<l  for  each  dift'erent  pressure,  the  boiling 
point  for  this  pressure  is  obtained,  t.e.  the  temperature  at  which 
the  tODHion  of  the  vapour  is  equal  to  the  pressure  TBa<l  on  a 
manometer  also  inserted  into  the  interior  chamber  of  the  vessel. 
In  this  way  the  teiLiionit  exe«oding  one  atmosphere,  given  in 
the  above  table,  were  ohtftine'l. 

When  the  boiling  point  of  a  liquid  is  given  as  oharactcristio 
L>f  it,  the  temperature  at  which  the  tension  of  the  saturated 
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Chloroform 

...        61"  C. 

Alcohol 

IV  ,. 

Benuil 

SI*  .. 

Water 

...       100»  .. 

Oil  or  [nrp«iit)De 

...      159^  .. 

Mflnoory 

...      367*  .. 

8ulivhiiT 

...     *4r>  „ 

Zbc     

...    1040*  „ 

vapuiir  equals  7C0  mm.  is  meatit.    Tlie  boiling  points  of  sunte 
liqaids  under  this  normal  pressure  are  h«re  added. 

Nttrog«ii  liroloxido     .-.  — WC 

Oftfboiiioacid -78"  „ 

AtnmanJnm     —38^  „ 

Chlorine          -Si*  „ 

Oniiida          -ar  r 

B&er 3&'  „ 

L'-arbonic  •!is<il|>hiclt!    ,.,  W  ,, 

Sulphnric  Mid              ...  -10°  ,! 

Substauced  dissolved  iu  a.  liquid  have  Ligher  boiling  poiuU 
the  more  <a>uceDtmt«d  theii  solution.  'Saturated  solution  ol' 
Bait  boils  at  109^  ealcium  ohlunile  solution  at  119".  The 
Tftpour  developail  fnim  the  fii>lutitm  is,  however,  pure  uat«r 
vapour  aiid  has  the  teinjieretvre  lOCT  (c/.  113,  Diminutiun 
t^  vapour  piesturcj. 

While  nutur  iu  nirtallir  vessels  bulla  at  100°,  it  ba«  been 
obevn'od  that  u  tetanUtiou  frc(|uut)tly  occiin  witb  ^laas 
vessels,  thftt  is  l.o  say,  Ihe  water  frequently  becomes  heate*! 
higher  than  UNJ'  betbre  tfoiling,  and  the  process  then  Ije^rjns 
gnwlnally.  Such  a  retardation  may  bo  readily  seen  with  water 
frum  whifTb  the  ulisorbctl  air  has  been  exftelleil  by  boiling,  sinro 
iu  aueh  water  there  are  no  rising  air  bubbirs  to  fiivuiir  the 
fonuatiuD  of  vapuur  bubbles.  Hucii  retardation  of  the  boiliuir 
jwint  may  be  prevented  by  <liepping  a  platiuum  wire,  a  few 
grains  of  siiuid,  or  other  solid  particles  into  the  water.  Theete 
liberate  the  jiarlicies  of  air  collecting  on  their  surfctces,  and 
maku  ebuUilion  euaier.  t)n  ncx^ount  of  the  dert^lopmcot  of 
T^KJur  which  oi*citn  at  timoit  verj'  Huddenly,  rctanlattnn  of 
ebullitioti  may  even  lea-l  to  fX|ilo«ion». 

11$.  Leidenfroat'i  Phenomeoon.— If  a  small  quantity  of  water 
lie  dropped  upon  a  glowing  mctaltii.'  plate,  a  rounded  droplet, 
wbit-h  doe-s  not  rest  immwlialely  nyion  the  surface,  is  seen  tii 
form.  A  thin  cushion  of  vapour  i'orms  beneath  the  droplet,  which 
has  Muilicient  jstrengtli  to  carry  the  droplet  rapidly  abont  over 
the  heut^-d  surface  until  it  grathially  eraiHiratCK  without  boil- 
ing. AVhcu  the  source  of  heat  is  withdrawn  acd  the  plate 
uDols  a  little,  the  weaker  coating  of  \'apour  cannot  longer 
support  the  droplet,  which  now  comes  in  contact  with  the 
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lioAted  laetttlli*'  HiirfatNj  ainl  Gva[iorat««  suddenly  and  violently. 
This  plieuomeaon  Is  csllod.  frum  its  discoverer,  "  Leidenlrost's 
jitieiiomCHOii."  mid  the  dro|)8,  "  Leideiifroat's  drops."  All 
li'jiiid.^  ttrc  L-apiikle  of  exhilitiDg  it,  but  the  temperature  must 
be  higher,  the  more  difficult  the  Uqnid  is  of  TaporizAtioii, 
or  the  less  emily  the  thin  and  (loorly  condiietiDg  layer  of 
vapour  iVmns  uhich  se))arales  the  droplet  from  the  heated 
Mirface.  Boiler  explosions  are  many  times  caused  by  the  water 
(getting  so  low  iu  the  boiler  that  its  walls  become  red-hot,  and 
the  water  within,  forming  a  huge  Leideufroal'a  rlrop,  on  further 
i-ooliug  in  suddenly  converted  into  steam  (t>.  heated  water 
vapour),  'rhi.s  furmatinn  of  steiui)  many  time<i  occurs  nitli  auch 
violence  as  to  burst  the  boiler  into  fragments.  The  singular 
focrt,  that  till*  moijtt^ned  hand  may  l>e  imutersed  with  impunity 
in  molten  iron,  is  due  likewise  to  tho  formaticn  of  a  thin  non- 
conducting layer  of  V8[m31it  around  the  hand,  acting-  m  a  glow,  t« 
prevent  the  ht-atud  nictnl  from  coming  in  contact  withth*^  tdiin. 

116.  Vaporization  within  an  Air-filled  Spoee. — In  a  vacuum, 
ijueb  as  the  TntTicelliaii^  vaporization  ofi-ur^;  i;iiddenly,  and  tho 
s|iai!e  boeonieB  sotiimted  almost  ingtantly.  Bnt  iu  a  H[Mce 
lilled  with  air,  or  <.ither  gas,  the  formation  of  vajHiur  is  a 
gradual  proc-ess,  although  the  same  degree  of  saturatitm  and 
lieuoe  the  same  tension  i»  at  length  attained,  as  if  uo  air  or 
other  gas  were  preitent ;  and  this  tension  adds  to  the  tension 
<if  the  gax.  or  vBjtonr,  already  prewnt  (Dalton's  law,  96). 

I^t  a  little  HUnihid  be  poured  into  a  flask  into  which, 
tbrcHigh  a  uIiHely  tittiug  cork,  a  manometer  in  imierted,  ue. 
m  doubly  bent  glass  Uilw  whoiie  lower  bcud  c^mtainit  mercury. 
The  mercurv  iu  the  ojion  braiu-h  of  tlie  manometer  will  be 
steen  to  rise  slowly,  until  at  20  it  standi  -H  mm.  bighor  than 
the  morcutv-  within  the  inner  branch.  To  tho  tension  of  the 
air  enclosed  in  tbe  Hask,  the  pressure  €)f  the  snturete^l  vapour 
of  alcohol  at  'HJ'  is,  therefore,  to  be  added. 

In  still  air  vaporization  pnes  on  very  slowly,  because  the 
itmospheric  layer  in  direct  conta<;t  with   the  liquid    surface 

}Ries  saturated  with  vapour,  which  is  transferred  with 
extreme  elowness  to  the  adjoining  layers  (BifliuioD,  Mti),  and. 
consequent ly,  the  \-aporizing  ]*rooc8s  U  delaye<t    A  draught  of 
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air,  which  rapidly  carries  away  the  saturated  Uy«r  and  replaces 
it  with  iinsatucated  air,  very  greatly  ocwlemtos  Iho  process. 

IIT.  Heat  of  Vaporisation. — A  flutter  study  t>f  the  proce^ 
of  %'sporizalioi)  may  be  made  by  heating  a  t]iiantitr  nt*  water  iu 
a  j^laasi  llask,  Lntu  which,  tlir^iugti  a  cliwe-Ktting  (rork.  a  ther- 
tuometer  and  a  tuhu  aru  admitted,  the  luttor  terminating  ]\mt 
below  the  cork  aud  j>ruvidiu^  u  nieaiu  l'»r  the  oocapc  of  the 
\*apoiir.  The  thermometer  «ill  bo  swii  to  rise  until  boiliuj* 
begins,  but,  as  has  been  frequently  stated,  it  will  stand  at  a 
definite  puiut  ^o  lung  aa  the  Ixiiling  eontinueM,  t.^.  at  the  boiling 
tvm{ieratiire  correapimdiug  to  the  instantaneous  atmospheric 
prttMnice,  and  it  ia  well  tu  note  ibat,  this  loiuperature  is  indi(»tcd 
whether  the  bulb  of  the  tlienuumeter  is  inimei»«d  below  the 
surface  or  is  lifted  entirely  above  it  ^  as  to  he  sttrrouudod  only 
by  the  vapour  within  the  tlask.  The  vapour  juat  furmiug  luut, 
therefore,  the  same  temperature  as  that  already  formed.  Th« 
tieat  fnim  the  flame  which  U  applied  con)  imiously  to  the  euuteuts 
i>f  tlio  vCMsol,  pnHiuces  then  nn  rise  in  temperature.  It  does 
not  act  upon  the  tbermumeter.  it  maintains  the  boiling* 
however,  by  over»:'.>aung  the  oobeHion  uf  the  melecnles  of  tho 
water  in  ailditiou  to  tlit>  external  presstiro  n[t(m  tho  litiuid^ 
thus  trau);t\>naiag  the  water  into  the  gaseous  statv.  The  heat 
r«<|nired  to  effect  this  transt'omiation  is  called  the  heat  nf 
vapuriKotion,  or.  since  it  is  lost  both  to  perception  and  to 
thermometric  detection,  and  seems  to  have  become  a  uoostitiioDt 
of  the  vaix>ur,  it  is  al:^>  cnl[<^I  houtuU  or  latetU  htai.  To 
determine  tbe  amount  of  the  beat  of  va[>orization,  tho  vajxtur 
is  usually  con<li)cted  ihtuugh  a  uorm-tthaped  metal  tube  eit- 
olosed  within  a  otwl  %-c«8el  and  »iiirroumled  by  a  carefnllv 
weighed  mass  of  L-otd  water  at  a  Icnunn  temjieretiire.  On 
(■assing  through  this  coiled  tube  the  vapour  will  be  deposited 
in  a  liciuid  cuudition  and  at  a  temperature  of  lIXT,  at  the 
.•«me  time  surrendering  to  tbe  surrounding  nater  tbe  heat 
ut>n8umed  in  ite  formation,  and  raining  thia  water  to  a  certain 
indicated  tem{terHtiin>.  Fntm  the  weight  of  the  water  and 
iho  rise  of  temjicratun!  of  tbe  vaAs»  of  cool  water,  it  \s  easy 
to  Bscenain  the  amount  of  heat  absorbed  by  this  mass,  and 
to  tind  the  weight  of  the  \aiKiur,  wbtcli  ixmlains  thin  t{nantitv 
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ol  heat,  by  simply  »eigbiDg  tha  flask  vith  its  contents 
both  before  and  at^er  the  expariment.  it  bas  in  this  way 
been  found  that  I  kg.  of  vapour  at  l(N»',  while  condensing 
to  1  k^.  of  wator  at  100^,  is  capable  *>f  heating  10  kg.  of 
wat^r  by  53°'(>,  or,  what  is  the  same  thiiig.  536  kg.  of  wat^r 
by  r,  and  that,  thorefore,  536  heal  iiiiits,  up  oalorioH,  are 
required  to  convert  1  kg.  of  water  at  UKV  into  vapour  at  100\ 
A  familiar  application  of  the  capability  of  a  I'apoiir  to  give 
out  !*o  oinsiderable  a  <iuantilT  of  heat  on  condensation  is  nuuls 
in  the  jminoss  of  "tmm-kenting.  The  heat  of  vupurization  of 
alcohol  id  'JUS;  of  ether,  Wl;  of  oil  of  turpentine,  60  calories. 

118.  In  Distillation  the  vapours  of  a  IvotUng  li([iud  am 
comlui^torl  into  n  roid  chambpr,  where,  after  giving  up  their 
heat  of  va{H)rlxation,  tliey  are  tniu&fomieil  into  llqutiL  ThiK 
proc^eas  i»  used  in  the  separation  of  a  liqnid  from  a  mixture  ron- 
lainiug  a  more  voIatitoHulnitAnco  dt  from  otlirr  nubiiianooii  with 
which  it  ia  mixed.  Thu  sojiunitiuu  is  [H»»iblo,  siuro  the  volatile 
onnstttuents  are  easily  driven  off,  while  thoao  8Ubfltonc<«  merely 
held  mechanically  iu  solution  aro  either  [luorly,  or  not  at  all 
raporized,  and  henee  the  latter 
remain  behind,  while  the  former 
may  be  led  nfl'into  another  vessel. 
Fn>m  spring  water  and  water  of 
JutTcams  eoQtaiiiing  caloium  ear- 
bonate,  calcinm  chloride,  etc.,  the 
water  ia  obtained  in  a  pure  stalo 
by  distillation.  Freely  falling 
rain  water  is  distilled  in  Nature's 
laboratory,  and,  consequently,  is 
|iiue  water.  l''ig.  1 1 1  shows  a 
Kimplo  distilling  apiuLratUH.  The  mixtnre  to  !«  distilled  it 
]Kmred  inbi  the  glaati  vaiHel  with  a  curvetl  ne<'k,  called  the 
retort,  and  heated  (jver  a  Ldiarcoal  lire.  A  ghuta  Jhuk,  into 
which  the  woutb  of  the  retort,  opens,  serves  a  double  piirpoiW,  as 
rocoivor  for  the  condensed  vapour  passing  from  the  retort  and  ha 
a  ouoling  vessel.  The  latter  purpose  is  subserved  by  causing 
a  jet  of  oold  water  from  above  the  rei.'eirer  to  play  orer  ita 
surface  oMitinuously.     In  distilling  very  volatile  liqiiida  the 


Via.  111.— t'tuiilf  UiBttlliuf  ApfKi' 
ratua  aith  UfU>rl  nnd  Ittwviver. 


ns 


EXPERIMESTAh   PB7SW8. 


Fib.  lIS.—IHnilhn^  V«mt\  with 
Worm. 


Ti^nr  18  j)M9e<l  through  a  lube  smromiJed  by  cohl  water,  mul 
drawn  out  qnito  long,  so  as  to  give  aa  extended  a  cooling 
surface  as  jinwiihlB.  To  ecomnuize  space  with  large  dis- 
tilling Bp]uinitiiti,  this  tube  is  IhiuI  into  the  form  of  a  spiral, 
and  is  called  the  tvorm.  Fig.  112  iUustratce  tbo  apparatus 
iiawl  iu  tho  mmmffti-ture  of  commercial  alcohol.  It  consist* 
of  A  cop|jor  Iv.'ilor  lilled  »»ith  the  raw  fermented  liquid,  the 
moiA,  and  tbo  tin  worm  i*oilod  within  the  cooling  vat.     Many 

sifliils  art'  dcpoBited  at  ortlinary 
temfierHtnros  from  their  vaponrs 
iu  the  cooling  vat  directly  in 
tlieir  usual  solid,  crystalline 
(»)ndition.  Substances  which 
»>n)iM»-t  themselTCjt  thus  are 
sal  ammouia(\  sulphur,  iodine, 
etc.  This  process  is  called  airfi- 
limation.  yiowers  <if  sulphur  is 
merely  suMimated  sulphur,  which  after  subjection  to  pro- 
eenB  is  rendeatl  tptv  pure. 

119.  Heat  of  ETaporatiou. — In  the  ordinary  slow  prooees  of 
iiTllH>ri2alion.  failed  ivuporaiioa,  he«t  is  alsi>  omsumed,  or  IxtmA, 
or  rendered  latent,  in  separating  the  molecule  of  the  liquid 
and  overcoming  the  external  i)reMuro.  To  convert  1  kg.  of 
water  at  0°  inU)  I  kg.  of  water  vapour  at  0",  ti07  calories  are 
required.  If.  therefore,  nu  heal  he  applied  fh>m  without,  the 
nei-es^ry  heat  of  vapurizatiuu  luust  be  extracted  from  the 
liquid  itself,  or  from  surronndinp  objerts.  Theito  objects  be- 
coming oooled.  the  fact  is  made  apjiaroni  that  there  exists  here 
almftoertain  quantity  ofheai  uf  rit)K>nzation.  or,  better. o  A«aJ  of 
jtwpgfgfwa.  The  refreshing  oooluesa  following  a  thunderstonu 
on  a  hot  Slimmer  day  is  not  wholly,  nor  mainly,  due  to  tho  fall 
of  iNwl  drops  of  water  frv^m  higher  altitudes.  It  is  raused  in 
mueh  greater  part  by  the  rapid  evupumlion,  and  lyinsequent 
hindiny  of  heat  just  after  ihe  rain.  If  one  places  himself  in  a 
dmught  of  air  while  co^'ered  with  perspiration,  heat  is  rapidly 
withdrawn  from  hU  skin  by  reason  of  the  rapid  evaporation  at 
its  surGi4^  Fanning  mols  one.  not  bct-ause  the  air  blown  into 
the  hoe  is  cooler  than  that  alrea<ly  lying  against  it,  hat  becAuae 
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the  (Hirreat  (»f  air  proiliuied  aj;c;elenites  ova|)oratioii.  If  s  volatile 
liqnid,  e..g.  etker,  be  ponre<l  u]i(ju  llie  luuid.  a  distiuct  sensation 
of  rtioling  \»  full,  localise  the  cvaiiuration  of  the  ether  with- 
draws rotiBiilornlile  lieat  from  the  suifw^  of  tlie  baud.  A 
tbermonieter  nliose  bulb  ia  wrappod  iQ  uotton  saturated  trith 
«tber,  sinks  in  conHoqMeuce  of  the  evaporation  of  tbe  ether 
by  20".  If  a  thin,  ilal  dUk  conlaiuing  ether  l>e  placed  U[Mjn  a 
few  drops  of  water  poiirod  over  a  smooth  surface,  by  blowing 
the  air  from  tiie  surface  of  tbe  ether  with  a  small  bellonvs,  the 
evaporation  will  lake  pla<.-e  so  vapidly  us.  to  freeze  tbe  bottom  of 
tho  disk  to  tbo  siirffli-e.  Some  aitiHcial  methods  of  producing 
ice  owo  their  efliciency  to  this  pro|>orty.  In  pipes  surrounded  by 
a  liquid  of  low  fwcziiijj;  point  {e.g.  by  a  solution  of  salt)  other,  or 
liipiid  ammoniiiiu,  is  mpidly  ©vft[i«ratod.  Enough  heat  is  thiis 
witbdrami  fmin  tlie  pipes  to  t-ool  them  far  below  the  freezing 
{loint  of  water,  and  if  thoitt;  pijies  arc  surrounded  by  other 
vesM'bi  containing  water,  the  latter  will  of  courm"  bo  froKen. 
By  means  oi  the  ap|iaratu.s  of  Tig.  113,  water  may  )« 
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froccon  by  the  ootd  prodiieeil  in  its  own  evajmratiou.  From  the 
flask,  A,  r-ontaining  water  at  the  ordinary  tem{)eratnre.  a  glass 
tube,  b,  Icmls  by  an  air-tight  connection  into  the  vessel,  B, 
A  tionsisling  of  two  lui^  glus  globes  oonuecte^l  by  a  wide  glass 
■  tube-  From  the  soeond  globe  a  glass  tube,  t,  leads  to  the 
air-ptimp,  T,.  The  vesaol,  It,  is  half  fillod  with  concentrated 
siilpliiiric  acid,  which  absorbs  the  water  vapour  developed  in  A, 
Aud  hence  prerentij  the  saturation  of  tbe  space  with  vapour. 
If  wow  the  air-pump  be  put  in  action,  in  consequence  of  tho 
rapid  ovttporation,  tbe  water  cools  below  0',  and  finally  under 
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a  pnasQte  of  4'*!  mm.  of  mercury  (tim  teiixiim  of  satnraUsd 
water  vapour  at  U)  tlio  vratvx  at  0'  liogiua  lo  boil  violently, 
and  during  the  btjiling  it  fi<iii(Iitics  iiiti-  i«c,  because  the  heat 
necessary  for  its  vaporization  at  0  in  nithdravni  from  it.  This 
boat  maiiit'osu  itsoll'  by  raisiDg  the  t^mporatitre  nl  tlie  siilphiirio 
acid.  The  latter  abeorbii  the  n'ator  va]>oiir,  rechieing  it  again  to 
a  liquid  condition,  which  prof^eas,  ai«  we  hare  learned,  liberates 
a  large  tiuanlity  of  heat  (Leslie,  1813  ;  Carry's  ice-pump,  1867). 

Water  may  also  be  frozen  by  the  erdd  prtidHced  in  its  own 
evaporation  with"  the  aid  of  the  cryophcn-u»  (\Vollaaton,  1813f. 
This  consists  of  a  beat  gloss  tube  provided  with  a  btilb  at  each 
end.  The  apparntna  (innlaius  uothiiiji  but  nattr  and  water 
vapour,  the  air  having  l»eeii  expelled,  an  with  the  water- 
hammer,  by  boiling  before  olosing  the  ve^isel.  One  bulb  is 
then  immersed  in  a  freezing  mixtimf  of  salt  and  ic«.  The 
water  contaiaed  in  it  ia  condensed,  aud  the  tennioti  of  the 
vapour  within  the  interior  of  tho  vessel  so  lowered  that 
the  water  in  the  other  bulb  vajiorizes  rapidly,  and  is  distilled 
over  into  the  iirst.  A  sufficient  qn&ntity  of  heat  is  consumed 
in  this  process  to  convert  the  water  into  it-e. 

120.  Specific  Gravity  of  a  Vapour,  or  Vapoor-Deiuity,  is  the 
number  which  eipressea  how  many  limes  heavier  the  vapour  is 
than  an  equal  volume  of  air  at  the  iwmo  preswuro  and  tempo- 
ratnro.  To  obtain  the  density  nl'  a  vaitout-,  besides  its  weight, 
ita  pressure  and  temperature  must  be  knowiL  From  theso 
three  magnitudes,  by  Mariotte-Ciiiy-LusMic's  law,  the  weight  of 
all  equal  volume  of  air  at  the  same  pressure  and  temperaturo 
may  bo  easiJy  computed.  Thb  only  needs  to  be  divided  by 
the  weight  of  the  vapour  to  obtain  the  specific  gravity  of  the 
raponr  referred  to  air  as  the  unit. 

To  determine  these  magnitudes,  u  method  first  used  by 
riay-Lussac  and  improved  by  Hofmanu  (l.Sliil)  may  be  advan- 
tageously employed.  In  the  vacant  purtion  of  the  tubu  of  a 
l>arometer,  graduated  to  cubic  ceutimeteRt.  a  small  Hask  with  a 
ground-glass  stopper  is  ailmitted.  The  fUttk  »:ontai:m  a  care- 
lully  weighed  mass  of  the  Uqnid  to  be  vaporized.  The 
Wrometer  tube  is  surrounded  by  a  wider  tube,  through  which, 
from  a  small  boiler,  may  be  pas»-d  the  vaixiiint  of  a  liquid  (water. 
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or  aniline)  wliuse  builiiig  jioiiit  raiiHt  be  known.  On  heating. 
the  liquid  rontabied  in  the  Knutll  llaxk  ilriveH  the  (<toi>]K!r 
ont.  anil  Ls  tnui.'^fornied  completely  into  sujicrhonted  vsponr, 
which  asstimes  the  tem|>erataro  of  tin;  hoiliiif,'  jn»int  «f  tlie  li<|uicl. 
The  weight  of  this  vapour  is  known  firom  the  vreight  nf  the  flank. 
it«  volnuje  in  reail  frcim  thf  gradiiated  hsromcter  tiibo,  ita  pres- 
sure in  found  fn>iiitIie(lilV(>reiirn  )>etneeii  the  baroniotrie  height 
And  the  hei[;ht  of  thu^  mercurittl  wilumn  Ktill  remaining  in  the 
graduated  tuhe.  KvL-i-ythin^  is  known,  therefore,  which  h 
needed  for  th<^com|)ariM(pn  of  thewoight  of  the  vapour  with  that 
uf  au  «qual  volume  of  air  at  the  samo  pressure  and  tcmiwr&tunt. 

For  IxHlie^  not  "■asily  vuptimed.  Dinuan  [1826)  used  the 
following  prooesi*.  A  fjWs  j^'IoIm'  dm^Ti  to  a  point,  with  a 
naiTow  u]K>iiiri^,  is  weijrhed  JirKt  when  filled  with  air,  and 
a  small  fpiniitity  of  th<-  nmtevinl  in  be  investifrat&l  ia  ponred 
into  it.  TliD  ^tolio  ix  novt  hfutc<l  iii  a  hath  of  water,  oil,  or  n 
molten  nielal  to  a  kiiuMn  l<;uipcniture  notexceedin^  the  boiling; 
point  of  the  siibstaiice.  The  substanco  Ta]>orii!08,  ita  Ta[>onr 
expels  the  air,  and  linally.  the  globe,  alter  all  the  liquid  ix 
trangforntcd  into  va^Mtnr,  is  filled  nith  superheatod  vapour 
alone,  whose  presstire  etjuaU  the  external  atmospheric  preactun; 
and  fan,  thorpforo,  Im  re«ul  fmni  ii  liaromoter.  I'he  point  is  then 
hermetically  sealeti.  and  the  glolje,  filled  with  vapour,  is  again 
weifjhed.  \\' hen  the  point  is  broken  off  imder  water,  the  globe 
is  forced  full  i>f  water  hy  the  atmosphoric  pressure,  aud  a  thinl 
weighing  given  ita  volume,  for  it  will  contain  a  munher  of  cubic 
(•entinietera  e<)ual  to  the  number  of  grams  of  water  contaiuwl  in 
it  The  weight  of  the  vapour  is  found  by  sublracting  from  the 
weight  of  the  globe,  (illed  with  vapour,  its  n^eight  after 
exhaitsting  the  air,  i.e.  the  weight  of  the  glasii.  The  lattc-r 
>*aluo  is  fonml  by  diminishing  the  weight  of  the  globe,  Slled 
with  air  at  the  Iwgiiining,  by  the  weight  of  the  air  eonl8in(>)l 
in  it,  which  may  lie  readily  computed.  Weight,  volume, 
pressure,  and  temperature  of  the  vapour  under  invesligation 
are  therefore  comjih^tely  knonn. 

According  to  the  mothoJ  of  displacements  of  Victor  Meyw 
(1879),  the  vessel,  A.  eoatiauing  upward  iu  a  tube,  a,  and  clo^ 
with  a  stopper.  8  (Pig.  114),  is  brought  to  a  temperature  not 
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higher  than  the  boiling  point  of  the  li<^md  to  be  iuvestigatetl* 
by  immersing  A  iu  the  vapour  of  boiling  water,  or  aniline,  with 
which  the  enveloping  vetwel,  \',  in  tilled.  As  soon  as  the  air 
ceu^es  to  eHoajie  from  the  siile-ttiW,  b,  to- 
nard  the  pneumatic  trough.  £.whirh  in  tilled 
nith  water,  the  stvpjnr,  a,  m  opcnctl,  u  itniatl 
closL-J  viol  filled  with  a  known  weight  of 
the  liquid  is  thrown  into  the  voesel.  A,  the 
stopper,  J,  is  again  closiHl,  nnd  thf  f{rnduate<l 
tul>e,&,  in  lil[e<l  witli  water,  niiil  platted  above 
the  mouth  uf  the  luleTal  tuW.  b.  The  vial 
opens  ut"  itself,  aiid  the  siiporlioutcd  vapour 
of  the  liifuid  displaoiii  a  volume  of  air  equal 
to  its  own  volume,  which  is  collectod  and 
meesurcMl  in  the  tuEw,  d.  It'  now  the 
tem[)ersture  and  [iresinire  of  the  eolleuted 
air  are  detenuiuMl,  all  data  needed  to 
determine  its  weight  and  iu  compare  it  with 
that  of  ibe  vapour  are  known. 

In  the  following  lahle,  the  specifir 
„  ,,,  „  ,  ,  gravities,  or  deasitier?,  of  some  gases  and 
ii«in>fV«iK>urDeii.uj-.  vapouTS  are  given  : — 

II]-drogvD         

Oxygen  

nitnEoa  ...        ...        ...        ... 

Chionns 

Hydrodtloric  nci<l        

Cubonic  oxide 

Carbonic  &dd 

Snhibur 

IcKuoe 

Dromlao 

Phos]>li<m)8       

Mercury 

Water    

Alcobol 

EUicr     

Acetic  ftcid        

ChlorofoTm       

Beniol 

A  eomporisua  uf  these  nunibent  shows  that  the  densitiee  of 
gases  and  vapoura  are  a.H  their  molecular  weigbui.    IP,  therefore, 
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64-0 

8-7100 

254-0 

S-MOO 

16(H1 

4-9880 

1S4-0 

G-9760 

200^ 

0-6220 
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va{H)ur-(len»it}'  and  molec-iilar  weight  are  nieasiirod  in  terms  of 
the  same  unit,  puttiug  the  niulccular  weightof  hydrogen,  vhif^h 
was  assumed  equal  to  J  (-18),  ahu  equal  to  2  kiii.  (as  is  done  in 
the  third  coliuuii  of  tho  foregoing  table),  the  vapour-demily  will 
then  be  equal  to  the  violeeular  weit/ht.  '['lie  iletermination  of  the 
va|Hmr-den.sit]r  of  a  chemical  t^jiupound  leudn  (Hrei'tly  to  a 
kiiuwlodgo  of  the  molecular  weight. 

Since  the  densities,  and,  accordingly,  alsu  the  weights  of 
ef|iia)  volumes  of  difterent  ga.se»  tire  to  etwh  other  as  their 
moleentar  weights,  the  law  o/  Avo^adro  (1811)  holds:  Equal 
m^umes  of  all  gases,  umlvr  the  »anu  ^esiure  and  temperatHrff 
eontain  the  mute  nttmbar  of  molecules, 

121.  Koirtuie  of  the  Atmosphere. — Water  vapour  mixed  with 
the  atmrnphcro  pro<lucefi  what  is  temiod  moifituro  of  the 
atmosphere.  In  conseifiience  of  tho  itii-ossaiit  vaporization  of 
water  at  tho  Kurfaces  of  the  Hea-s  laksH,  eta,  the  air  alwayg 
contaiiitt  water  va|Kiur  in  varying  quautitif.>(.  'Llits  va[)our 
playii  an  im{K)rtiuit  roh  in  L-liuiuttc  change.  For  this  reason, 
it  is  desimblo  to  Iju  ahle  tu  form  nonie  idea  of  the  ijuantity 
of  vapour  in  the  air  at  any  given  instant.  The  water  va[>uur 
of  the  air  exerts,  by  virtue  of  its  teusioD,  a  pressnre 
which  muHt  be  added  to  tlie  preaauie  of  the  air  itself 
(Dalton's  law).  The  mercnrial  column  of  a  barometer, -ther*^ 
fore,  never  gives  the  pressure  of  the  air  atoue,  but  rather 
the  snm  of  the  pressures  of  the  air  aud  of  the  vapour.  This 
vai»oHr  presflun^,  expressed  in  mm.  i)f  mercury,  or  the  weight  uf 
water  contained  in  a  gaseous  cumlition  within  a  cubic  meter 
of  air  (easily  computed  from  the  known  density,  ue.  0"(!22  of 
water  vapour),  is  callerl  the  ahaoluis  humidity.  Fur  paqK^es 
of  weather  prognostication,  it  is  of  less  inii^iorlaiiee  to  know  the 
■baolute  quantity  of  water  vapour  in  the  air,  than  to  knoir 
whether  or  nut  the  air  is  near  it^  saturation  point.  In  the 
first  case,  the  air  is  said  to  be  moist;  in  the  second,  dr>-. 
When  the  air,  alraiMt  ttaturated  with  water  vapour,  i^  cooled 
slightly,  a  [Htrtion  of  iln  vajHiur  uUl  crmdemo  in  tlie  form  of 
fog  and  i-loiid.<4,  or,  when  in  contact  with  the  skin,  it  pnxluces 
a  feeling  of  dampness.  On  the  contrary,  air  containing  lean 
vaponr  than,  by  virtne  of  its  teni|>erature,  it  is  capable  of 
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alworbin^  before  renchiiig  its  point  of  saturetioti,  may  be  t-voleil 
more  or  less  without  precipitatiug  its  water  in  a  liquid  tVinii. 
Ooiuperinp;  satnrated  air  at  'HV  with  saturatc<l  air  at  0",  wo  &nii 
that  tlie  teaakm  of  the  \-a)M)ur  oontainod  in  the  former  is  17*4 
miu.  (U^),  aiid  iu  the  latter,  ouly  3-6  mm.  Iloth  masses  are  moist. 
If,  however,  the  former  mass  of  air  contained  (at  the  tiiamo  tem- 
jwratiire.  20")  vapour  of  only  S'7  mm.  tension,  i.e.  tmly  half 
the  quantity  of  TajKnir  which  it  is  oapatle  of  holding  at 
this  teui|«rAtiire,  it  must  )<«  cooeidcred  dry,  although,  taken 
aboolntely,  it  containiD  more  uiottiture  tliaii  the  sattiratfid,  and, 
lienre,  moint  air  of  !)*,  The  terms  relative  humid-Ujf^  and  de^rtv. 
ur,  raiio  of  MturatioH,  are  applied  to  the  ratio  of  the  quantity 
of  Tajtour  actually  present  in  the  air  to  the  greatest  quantity 
which,  under  the  iirevailing  temperature,  the  air  is  capable  nf 
holding  before  saturation.  Kelatire  humidity  is  onlinarily  ex- 
pieaaed  in  percentages.  A  ir  of  2U°  and  8'8  mm.  Tapour-tengiou 
has  a  relatii'e  humidity  of  .oO  per  (.-enl.,  niul  ^atunitett  air  uf 
100  per  cent.  To  (ibtain  the  absolute  «.'«  well  as  the  relative 
liiunidity  of  the  air,  hy^rometen  and  ^ps^romden  are  nsed. 

If  a  ilask,  tilletl  with  cold  water,  !«  brought  into  a  warm 
^^om,  tiao  drojw  of  water  are  seen  to  coodenae  upon  its  outer 
surface.  The  air  in  the  room  coutaimt  water  in  a  gaaeatifi  von- 
ditiou;  but  for  the  teiuiK-niture  of  the  room,  it  in  u<>t  Katuratad. 
On  (x>utact  with  the  cold  wall  of  the  vegstel,  the  air  iuuiKKliately 
adjacent  is  cuoled  to  the  temperature  at  which  the  water  rajwur 
i»ntained  in  it  t«uffii.-es  tu  saturate  it,  and  farther  cooling,  by 
even  the  slightest  amount,  deposits  the  water  in  a  liquid  form. 
The  temperature  at  which  uater  vapour  )>egiuH  t4i  <-uiideuge  £toni 
uiisBtumted  air  is  i-allotl  the  dew  point.  AVhtm  the  dew  ]M:iint 
Imit  Ixwn  ilelermiued,  the  amount  of  luoiiitunf  in  the  air  may  hUd 
be  obtained.  SapiKise  tliat  in  air  of  20°.  deposition  of  mointare 
should  l>e<;iu  to  show  it^vlf  at  I.V.it  is  then  known  that  at  thi-'* 
t«;'iiii»eratiire  the  air  «-..idd  he  satiirate«l  by  the  vajmur  it 
contains.  Tlie  ten«ou  uf  the  tuiwur  mnHt,  therefore,  equal 
12*7  mm.  uf  men*ury  (1  i:t).  Itut  if  (he  atr  «ere  Mturaled  at 
2Cr,  it  would  contain  vapour  of  17-4  mm.  tension,  llip  ratio  of 
the  quantity  nf  vapour  actually  ptesentt  to  that  which  the  air 
ia  capable  of  abeurbing  at  this  temi«niture,  ie.  i\»  percentage 
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oC  Mturation,  or  its  reUtire  hnmi'lity,  is  thetcfure  12-7  :  17'4, 
ur  73 :  100.     The  air  contnina,  therefore,  73  por  cent,  of  its 
puBgible   Rontent  of  water  vaptmr.     To   find  tbe   ciew    pnint, 
Paniell'A  hydrometer,  shown  in  Fig.  11.5,  may  be  uBeil.     The 
appoiatiw  Ls  snmetimes  railed  a  comletisiag  hygromoter.     A 
wide  glastt  lube  is  hont  twirc,  and  the  ends  of  the   vertical 
branehes,  one  of  whiob  ia  shorten-  thaa  the  other,  are  MiipidiiMi 
with  holluw  bnU>8.     The  titbe  ia  oxhanstod  of  air,  and  the  btilb 
uf  the  Kinger  braTicb  is  lilled  with  the  voUtile 
liqiiiil  ether,  whose  vap<nir  expands  «ni|  tills 
the  entire  tulw.    A  thermometer  di[}s  into 
the  ether,  wiiile  a   necond    therniometer   is 
attached  to  the  standard  of  the  npparattu, 
from  which  the  tetoperature  of  the  air  may 
be  reatl.     The  other  bulb  is  c»verr>d  with  a 
miiNlin  wrapper.    Kiber  is  now  dropped  ii|mjii 
the  wrapjter  and  lis  rapid  eraporatiou  render5 
latent  a  cun^iderahle  quantity  uf  heat,  there- 
by'  cooling  the  bulb.     The  tt.-iisioit  of  the 
ether  vapour  contained  itk  the  bidb  and  tube 
jp  ao  far  rediit-ed  in  this  v.-&y  that  the  ether 
'TOntained  in  the  llrst  bulb  bej^iii-t  rapidly  to  evapt>rate.  and 
by  virtue  of  the  cousequeiit  cotuuupliou  of  heat,  the  bulb 
i-ools.     Care   must  now  be  exercised   to  determine   at    what 
l«m[>oniture.  by  the  inner    thcruiouictor,   the    iiiipour    twgins 
to  eomlcnso  on  the  bulb.     T(»  make  the  delicate,  breath-libe 
dopoeit  distinctly  perceptible,  a  narrow  zone  is  gilded  around 
the  bulb.   The  temperature  of  the  dew  point  i»  thus  ascertained, 
and  from  it  and  the  data  of  the  external  thermometer  the 
moisture  contained  in   the    air  may  be   <ibtained,  as  in  the 
preceding  exaiii|ile.     Many  bodies  of  the  animal  n»d  vrgctabie 
kiDgdonut,  cs|)eeialty  such  as  are  of  a  fibrouH  structure,  xurh  aa 
hairs,  fisb-b<>Qe,  catgitt,  bristloa,  etc.,  possess  the  property  of  ab- 
uorbiu);  the  water  vu|H)iir  in  the  air.at  the  same  tiraeexhibitiii^ 
an  increase  in  their  length.^.     In  dry  air  they  b>se  the  moistaro 
they  have  absorbed,  and  coiitnct  again.     (<|)on  this  pmperty 
of  such  bodies,  Baussnro's  (17831  ftair  h»/yrQttuUr  (Fig.  I  Hi)  is 
baseL     A  human  b^r,  freed  from  oil,  is  sta'tchcd  by  a  light 
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wmgfat,  so  as  to  tnnsniit  the  changes  of  its  length  doe  to  the 
Tsriatioiu  fd  the  moutnre  it  absmhs,  to  a  nJler  proTided  with  a 
ptHnter,  irhidiiseagiljmoTaUeakBigagndDatedarc.  Ifthein- 
strament  is  placed  nnder  an  inrerted  gUn  Teasel, 
filled  with  dry  aii,  the  pointer  takes  a  positHMi 
ocHTesponding  to  perfect  dryness,  and  this  p(Hnt 
is  designated  {f.  The  point  orer  which  the  index 
stands  when  the  instniment  is  placed  in  air 
astoiated  with  water  Taponi,  which  air  has  a 
lelatiTe  humidity  <A  100  per  cent,  is  designated 
by  100.  The  interral  between  these  two  points 
is  divided  into  100  equal  parts,  called  degrte* 
of  humidity.  The  data  aX  the  instrument  are, 
howerer,  rery  far  from  agreement  with  tboee  of  an 
apparatns  showing  relatire  hnmidity.  Before  a 
hair  hygrometer  can  be  osed  for  measnremoits, 
the  Tslne  of  the  degree  mnst  be  det^inined 
experimentally  for  each  particular  instrnment. 

MygroBcopa  depend  upon  these  same  princi- 
ples. These  iostraments  are  widely  distribated 
among  the  common  people,  and,  as  weather- 
prophets,  are  highly  esteemed  by  tbenu  The 
grotesqae  little  figure  draws  on  his  mantle  with  approaching 
rain,  and  betakes  himself  into  his  bnt,  his  motions  being  pro- 
duced by  the  changing  length  dae  to  moistore  of  a  string  of 
catgut  A  pine  tnig,  deprived  of  its  bark,  with  its  stifier  end 
fastened  to  a  wall,  shows,  likewise,  by  its  varying  cnrrature, 
the  varying  degrees  of  atmospheric  moisture.  The  spirally 
carved  bristles  of  many  species  of  geraniums,  which  roll  up  in 
moist  weather,  may  also  serve  as  hygroscopes. 

By  means  of  the  psychrometer  of  August,  1829,  the  moisture 
contained  in  the  air  is  determined  by  obeerring  the  fall  of 
temperature  due  to  evaporation.  It  consists  of  two  ther- 
mometers fixed  to  a  common  standard  with  scales  readinfr  to 
tenths  of  a  degree.  One  of  the  thermometers  indicates  the 
temperature  of  the  air.  The  bulb  of  the  other  is  covered  with 
a  bit  of  muslin,  which  is  kept  continually  moist  by  means  of  a 
wick  dipiong  into  a  vessel  of  water.    By  the  evaporation  of 
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tlie  watoi'  from  the  muslin  wriipper.  heat  is  consuoifKl,  nnti  the 
toinjiCTature  of  the  thermometer  falls.  The  moistene^l  ther* 
inometer  indicates,  therefore,  a  lower  degree  than  the  dry 
thermometer,  and  the  dilTerenC'e  of  their  indi(!utiDn.>t  iurrcwicx 
the  more  rapidly  the  evaporation  takoa  place,  XjB.  the  dryer  the 
snrroimdiDg  air.  The  difference  ef  the  readings  of  the  dry  and 
the  moist  thermometera  is,  therefore,  con- 
nected with  the  degree  of  himiidity  of  the 
nir,  no  thai  the  hitter  may  he  computetl  from 
thw  (lifferonce.  By  means  of  the  pyst-hro- 
meter  the  ahsolute  humidity.  i.e.  the  vapour 
pruumre  oxproaaed  in  mm.  of  mercury-,  an  bIko 
the  relative  humidity,  may  be  obtained. 

122.  Liqae&otion  of  Oases. — nii>taturato<I 
vapourH  <!<impi)rt  theiusetva-i  imder  ehanji^s 
of  pretunirc  mid  temperature  precisely  as 
air.  They  foUow  J^Iariotte-Gay-Liuwac's  law. 
Their  cunditiua  is,  tlierefore,  not  0!»entially 
differo&t  from  i^&ses,  ordinarily  so-called. 
Gases  arc  in  fact  merelyTmsMturated.orsupet- 
lieated,  vapours,  which  are  still  far  fnim 
their  ]K>int  of  saturation — vapours  nluch 
have  risen  from  liquids  whose  boiling  ]M)iDt.<< 
are  very  low.  Gases  may.  then,  W  condensed 
into  saturated  Tapoure  by  coolin;;  and  com- 
prewion.  and  by  gtill  farther  cooling  and 
oomprassinn,  into  liquids,  just  as  i^  the  eaae 
witli  noKaturated  vajxiurs.  If.  for  example, 
Biilpharir  acid,  the  biting,  bad-smelling  ga« 
fleveloped  by  buminf;  sulphur,  be  wjoled  hy 
meoiu  of  A  mixture  of  snow  and  salt,  it 
will  oondonae  at  first  into  a  coloiirleas  liquid  •''*'-  in.— Oomprwa- 
which  boils  at  lU'  below  '/en>  (114,  toble).  ^^m^^"^ 
\Vith  gases  more  readily  condensed.  Oersted's  compressinp 
apporatiui  may  be  ui*ed.  ThiH  apporatna  consists  of  a  stTODg 
glass  cylinder.  «  (Fig.  117),  into  which  water  may  he  forced 
from  a  reservoir  at  the  side  by  means  of  a  condensing  pump,  d. 
At  the  bottom  of  the  gloss  cylinders,  a  vessel  lilled  irith 
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mercury  is  placed,  iutct  whirli  diii  tulifs,  npeu  Vieltnv  hikI  i'I<ise<l 
above,  and  whicb,  under  the  pressure  nrflinarily  prevaiHiig,  Bre 
filled  with  gtts  t()  till?  Miiifaiw  of  tlio  mercury  outside.  If  ffBt«r 
if)  pumjied  into  tho  cylinder  tho  mercury  rises  in  the  tubes  and 
the  gases  are  compressed  in  nccordaiico  with  Mariotle's  law. 
ThiB  is  seen  by  (illing  a  tiilie  with  ordinarv  air  and  dipping  it 
into  tho  Tessol  of  mcrc^ury.  Tho  tatter  tube  should  be  so  arranged 
that  it  muj  be  usott  bm  a  clo^teil  manometer  to  measure  the  pres- 
sure  prevailinfT  at  any  moment  within  tho  cyliuder.  When  Iho 
fCasapprowthes  ilH  point  i»f  sulumtiun  its  volume  dimiui.'<ho3  moro 
rapidly  than  doat  that  uf  air.  Tbe  menrury  will  i>e  Roeii  to  rise 
more  rapidly  iu  the  tube  oontaiuiug  this  ga.i.  and  alMue  ilJ>  snr- 
I'aco  the  litjuid  will  appear.  Thus  at  U\  cyanogen  and  sulphuric 
acid  aio  oonverted  into  liquids  by  a  preesure  of  three  atmo- 
spheres, chlorine  by  lour,  and  ammonium  by  six  an<l  one-half. 
More  difficultly  wjiidonaible  ga^os  aro  liijuefied  by  compresMinjf 
them  in  a  strong  iron  llask  proridod  with  a  suitable  set  of 
valves  (Xatterer's  eompresnng  apimraiu^)  anil  at  the  same  time 
rtnbiciiig  their  temperatures.  (.'srUmic  acid  (carbon  dioxide)  is 
licinefieil  in  this  way  by  a  prosstue  of  D8,  and  nitrous  oxide  by 
a  [ires^ure  of  3u  atmodphcros.  Liquid  carbouie  acid  is  a  thin 
ri.Umrteiw  li<mid  <tf  sjiecitie  grasily  0'8G  at  15".  On  heating  it 
ex[>ands  more  rapidly  tbao  air. 

Ry  evapuratioD  of  the  liqiiiils  thus  obtaineil.  very  low 
temporatiures  may  be  produi'ed,  in  couseiiuence  uf  the  large 
i|uantities  of  beat  rendored  latent  in  tho  %'apanzing  process. 

If  lii|Hid  carbonic  acid  Imj  allowwl  to  flow  out  of  tho  iron 
Aiigk  in  which  it  is  kept,  into  n  chttb  pnrse,  the  rapid  ovapora- 
linn  of  a  portion  of  it  will  pniduiw  a  temperature  «>  low  that 
tlif  re^t  of  the  maos  will  l>e  stiffened  into  a  crystHllinc  nonditinD, 
n-st-mbling  smmr.  Notwithstanding;  the  lnw  tomi>cTo1uro  of  this 
carbonic  acid  snow  (its  tomperuture  Li  -70'|.  it  may  be  taken 
into  the  hand  without  injury,  because  a  layer  of  vapour  is  in- 
stantly formed,  uhich  prevents  the  sobslani«  from  ituning  into 
ilirect  contact  with  the  skin.  On  premising  the  frozen  acid.how- 
ever,  a  bnruing  sensation  is  felt.  Solid  carUmic  acid  dissolve^?. 
in  other,  and  thesululi^m  tsa  liquid  of  —9(f  C.  whuM  temiiCrB' 
tiire  under  the  air-pump  sinks  to  —  IIO'  C    Mercury  freezes  iu 
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this  solution.     Liquid  uitrogen  |m>toxiile  soliilifien  by  iU  own 
evaporation  to  a  mstu  whotte  ni«hi)i};  {loint  is  —105^  C. 

I'ii]ui<]  sulpbtiric  aoiil  in  a  glouing  plutiuum  <llali  forms  & 
LeideufroLil  8  drop.  Wbeu  wAtiL-t  is  iKl'leJ  it  evapomt^a  with  s" 
groat  Woienc©  as  to  I'reeze  in  the  glowing  dish.  Hy  a  mixture 
uf  ether  and  solid  carbonle  ai->ld  mercury  may  also  be  Iroaceu  in 
a  glowing  dish. 

^Vhilo  most  kiHimi  gases  were  long  ago  reducwl  by  pres- 
sure, and  lowered  temjiemtiire  to  a  Ii(|iiid  wndition,  a  few,  vijj. 
hydrogen,  oxygen,  oitrogeu,  and  tho  air,  which  is  merely  a 
mixture  ol'  the  latter  two,  &\m  mrbonic  oxide  and  nitric  oxide, 
have  until  very  rcL-eiitly  suecwssfully  resistwl  all  attempts  ti> 
liquefy  them.  They  hare,  therefore,  receive*!  the  designation  of 
perijutiiejii  gases  in  contradisitnction  to  the  others,  which  ai-e 
ra)lo<l  coercible  gases.  Callodun  stibjectod  these  ga^os  at  a 
temperature  of  -30''  C.  to  a  proaaoro  of  400  atmospheres,  and 
Katteror  to  a  prcs-siire  of  3(KKJ  atmo.^pherB.*,  without  li.jiiefying 
thein.  Id  \SG9  Audreus  showetl  that  for  every  va|x)ui  there  Is 
astHvalled  critiail  temperature,  alwve  wliich  llie  vajiour  reinaiii.s 
gaseouH,  no  matter  how  high  the  prossurv,  ^iut^  a  maximum  of 
teniiioQ,  (u*  a  coudition  of  taturaiiou  is  uot  attainable. 

For  ether  vapotir,  the  critical  temperature  is  196",  for  car- 
bonir  acid  31 ',  fnr  etiielinn  Si",  and  for  the  stwalled  jiermanont 
gases  it  lies  far  below  0"  ^t)xygen.  —  1 18^ ;  rarboni<;  oxide,  —  1 40'' ; 
nitn^n,  -l-irj";  hydrogen,  -  174°).  WithlwthCallodon'sand 
Nattcror't!  <-x{iarinifnt-<,  tho  t<.-miiurature  wo-i  still  almve  the 
criticfU  letnpcratuT^.  lu  order  that  li<iucfacti<m  may  occur,  it  is 
neoeseary  to  have  the  most  intense  cold  operating  in  conjnction 
with  extremely  high  ])re8siire.  Hy  satisfying  the-*B  ('onditioiu, 
Caiiletet  in  Paris,  ami  Piftet  in  lieiieva,  Miicet^ed  at  almt>9t 
the  same  time,  uear  the  end  of  1877,  in  liquefying  the  hitherto 
Ftu-called  peniiiment  gaaee.  Caiiletet  uompreesed  the  gas  in  a 
uariow,  thick'Walled  glass  tube  by  means  of  an  hydraolic  pres^- 
Oxygen,  cooled  by  the  aid  of  sulphuric  acid  to  —  2^  C,  remained 
gaseuui4  under  a  prea6U^.'  of  .100  atmospheres.  A  tap  was  at  thi« 
juncture  suddenly  ojjened,  through  which  a  ^lorlion  of  the  gas 
escafted  into  the  air.  Por  the  work  which  was  performed  by 
the  suddenly  expending  gas,  m  moch  beat  ivos  consumed*  as  to 
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deprasB  the  tempentnre  somewhat  more  than  20(f  lower  stilL 
Simultaneoosly  with  this  sadden  expansion,  a  (oggy  appeaiaQce 
was  obaerfed  within  the  tube,  which  consisted  of  fine  droplets, 
OT  bobUeSy  d  liqnid  oxygen.  Similar  phentunena  were  ex* 
hifaoted  by  nitrogen,  carbcnic  oxide,  air,  and  eren  by  hydrogen. 
Bat  while  Cailletet,  by  oompressing  these  gasee,  and  allowing 
them  soddenly  to  expand,  thereby  lowering  their  tempemtnres. 
merely  succeeded  in  [ovdacing  the  hazy  clonds  (tf  liquid, 
Pictet  sDcoeeded  by  high  pceasores,  and  extremely  low  tranpera- 
tores,  in  obtaining  large  quantities  of  liqnid  oxygen  and  hydru- 
goL.  His  [KQcess  may  be  best  explained  by  a  sketch  (Fig. 
118).     The  oxygen  is  developed  from  potassinm  chlwate  heated 
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in  a  stnHig  iron  reesel.  A.  To  the  tiva  res^l  a  thick-valled 
coppM  tube,  B,  3-7  m.  long,  is  screwed.  The  tube  carries  at  C 
a  manometer,  tot  reading  the  tension  in  the  tube,  and  b  clowd 
at  6  by  a  screw  tap.  In  this  tabe  the  gas  is  oompreeaed  br  its 
own  {ocssnre,  rising  with  the  contiDaed  UberatitMi  of  g»  from 
the  potassnm  chkHate.  The  tnbe.  Bi,  is  somiwDded  br  a  wider 
tDbe,D.  containing  liquid  carbooii.'  acid  (,or  nitro^n  protoxide), 
which  by  means  of  the  c^unmuucating  pumps.  F  and  F'.  is  kept 
in  cwtinnal  cirenlation  in  the  diiectioo  ci  the  anv>ws  between 
the  tube-sh^ied  receptacle.  K.  and  the  tube.  D.  by  war  of  the 
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narrow  tulw,  eff.  By  aid  of  tbo  piiuijja,  so  rapul  an  evRpimtiuii 
of  the  carlxiiiitr  m-iil  is  efToctoil,  tliat  the  tern |i«>rat lire,  in  oouse- 
<{Uence  of  tlio  eiiormous  heat-consumpliun,  sinks  to  -  130*  (_'. 
To  obtain  a  qmintity  (2  kg.)  of  carbouk  aciJ  in  the  form  of  ii 
liquid,  the  receptacle,  E,  iB  Hiirromii^ed  by  a  tube,  G,  iu  which 
\\t[nv\  sulphuric  acid,  arrmnj^  frtdn  the  vessel,  H,  through  tho 
tube,  h,  kept  in  L-oittiniiHl  cin-iilation  by  the  pnnips,  /  and  /',  is 
rapidly  evaporated  and  h>wers  Ihe  tempemtiiro  to  —  Biy.  Tlie 
vessel,  H,  conKtmrrtRiI  like  a  tnhnlRr  boiler,  is  kept  i-oid  by  h 
(nirreni  of  cuM  watur.  After  the  HjipHrnliis  \n  in  operation,  the 
pteesure  of  the  oxygen  ris«;»  in  the  tulw,  cfloIeJ  to  —  KW  C, 
to  525  atmo3pherc»i,  siiiku  then  h^mw  hikI  mm»inn  at  -170  atmir- 
K]dteres.  'ITiis  depression  and  tho  final  coustancy  of  tho  pressure 
iiidioate  that  a  part  of  the  gas  it;  liquefied.  If  the  tap  be  non- 
opened ft  stream  of  liquid  esenjies  with  preiit  violence,  "f  which 
electrical  illiiiuiiiation  renders  two  partH  dbttinjL^iishable,  an 
inner,  transparent  one,  and  an  outerone,blindin(Tly  white.  The 
latter  is  composed  of  dust  of  frozfii  oxygen,  since  a  portion  of 
Ihe  liquid  i»  sulidiHed  by  the  cold  of  evu]>oration  produced  by  the 
extremely  viporoiis  vaporization.  I'iutet  succeeded  in  determin- 
ing the  8j»eL*ific  ■jravity  of  the  H(|iud  (ixygeii.  It  wua  found 
to  equal  l)~0787.  Hydrogen  wa«  lii|neSed  at  a  pressure  of  65(> 
atmospheres  and  a  temperature  of  —  14(r.  which  ix  produced  by 
iising  liquid  nitrogen  protoxide  instead  of  carljanic  acid.  On 
oifuntiig  the  tap  au  ojuiqiie  stream  of  liquid  uf  steel-blue  colour 
escaped,  at  the  same  time  the  solidified  Lydrofi^n  tipon  tho  floor 
produced  a  rattliiif;  sound  aa  of  falling  nhot. 

The  ctiti(^al  temperature  at  which  a  liquid  under  any 
pressure  fiassew  into  a  gaseous  (lomlilion  is  also  called,  in 
accordance  with  MendelejeflTs  suggestion,  the  abedute  boHinff 
jmiat.  The  i<leas  of  "  vapour  *'  anil  "  gas "  may  now  be  more 
flosely  diflcriminated  by  '"onsidering  the  critic*,!  point,  and  by 
calling  any  gaiteoiu}  IkmIv  lielou  the  critical  [loiiit  '*  vapour,"  and 
above  it  "  gas."  Acconling  tii  this  detinitton,  a  vapour  may  be 
tMnverte<l  into  a  lit{uid  by  preiuure  alone,  while  a  gas  must. 
a1  the  same  ibue.  !«  reduced  in  tonqwrature. 

in.  Oriphlnl  B«|irHMiUli«B  of  tha  Bakavtou  ol  Oaaai  mA  Tap»n«.^> 

Itte  Iiw  of  Mnriotte-liay.Lnssnc,  rollowod  ij  guw,  niiiy  be  gTa|ihtcallr 
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ILItKtntod  as  foUows,  Conceive  the  gu  in  &  horiiODUl  cyliadrical  tulw, 
liuTMliciJlr  Maled  &I  O  (Fii;.  119).  wtA  con&aod  at  tli«  olbur  ond  bv  a 
movable  puton,  K.  If  now  ihc  pUioii  in  pual)4d  tovrud  0  to  any  denrad 
point,  SB  V,  tite  ilf«Uuic«,  «t  at»ctHitA.  OV  ^  «>,  T«pTe«nta  tho  volume  «  of  the 
^^  At  the  tlcfinik!  alMoliite  tonporatiure.  T,  the  oorranKtiidlng  pretttire^, 
"f  the  g&»  ii  found  from  lie  eqiution  pv  =  BT  (lOfi).  Erect  now  upon  OV 
nt  V  ttie  perpeitdioular  crdiiial«  VP,  and  in&k«  il  e^iial  to  p,  vi(.  «qiut]  to  the 
bd{;kt  o)  tli«  forrMpoiidtoK  raoTcurial  eoloinn.  IVoceod  in  like  maaiiM-  for 
all  other  pMitiooB  of  the  pistol),  keeping  Ui«  ra]ii«  of  T  tlio  somf.  Titoii, 
for  all  poMdMo  valnee  of  tlic  volnino  v,  the  tOM  of  tlie  onliualof  nrill  form 
a  (■onnimoti«  corrc.  Nl'M  (an  oqinktow  hyperVolft),  which,  riling  from  the 
r^hl  coward  tiiu  Idt,  will  rcprcseut  the  incrM»e  of  pramrv  witli  tlie  decreaae 
nr  volniae.  Repeating  tJiia  cuiialmctioii  for  uthor  (om^mturett,  a  nuniber 
of  rnich  ctirves  arc  obUuned,  coveriiiK  the  entire  ]>Iauc  of  tlio  drawiiiff,  and, 
bccanso  each  eorremoDda  to  tlie  aame  teiaporataio,  thoy  ue  callea  "  ito- 

ImoKlno  tlip  tnhe  to  l>e  H)lp<1  now  wiUi  nnBatanted  T«|)ai]r,ai)d  that,  on 
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no.  1  to. —Behaviour  of  Yapoara, 


foroiiiK  the  |)i«loii  iiiwnnl,  tii«  prMNUO  rieen  fir«t  alone  llio  curve,  NPM 
(Fig.  1201,  tmtil,  Bl  M,  tho  maxtranm  tontion.  or  the  oouditjon  of  Baturatiou, 
k  reached.    Krom  here  o»  the  diimnutioa  of  Tolumo  In  not  accoinpaniod  \iy 


ffifcbly  change,  Botwitiutandfns  a  very  etnjoB  rise  b  iirweurr,  and  tho  Hue  of 
proMUToa  ri«ee  rety  alcoply.  With  a  higher  (eiiii>enitiiru,  wturation  is  rcachetl 
at  a  hi^er  pr««8i>n)  and  A  nnaJlor  rolumc,  as  m  iUuHtniled  ty  UiC  curve, 
N'I*'>r^  .  At  the  crilioal  tco^teFaturo,  llio  proaeure  h  Teprasented  liy  the 
cnrvc,  Qtt,  in  which  the  borixonlal  iKtrtioii  le  no  longer  apparent,  whence 
it  fellow*  that  a  maximuni  of  |>reminit,  or  the  mturalion  of  the  vapoar. 
Hoce  not  e^in  occar.  With  buII  higher  temperaluroii,  the  tiend  oi  thi- 
laothomial  is  tli«  tame  aa  with  peHect  gMoo.  lie  onrvc,  Qil,  coTrespondin;; 
to  the  critical  tempenitiirc  in  tho  plane  of  tlie  diawing,  forma  the  utnit,  or 
Lounilary,  of  Ihc  vairoroiu  ngjon  below  and  Ui«  gaeeoiu  region  aboro. 
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124.  Specific  Heat  is  the  naiuc  apiilicd  to  the  quantity  of 
be*t  require*!  to  raise  llio  tem)]emturo  of  1  kg.  of  the  \m\y 
by  1'  C.  The  ainouut  of  heat  needed  to  raise  a  body's  tempe- 
rature by  1°  C.  eijiiaiti,  therelbrt^  the  ptxtdiict  of  its  weight  into 
its  s{>eciflc  heal,  and  in  called  \\a  thermal  eapaeUy.  Kxperionce 
teaches  that  ei]ua1  luaHHeK  of  diOeretit  inateriatx  re<|uire  TBry 
difierent  amounts  of  heat  to  |irodu«!  equal  riswi  nf  temperature. 
For  exani|)Ie,  to  raise  1  kf*.  of  n-ater  and  1  kg.  of  niernury  fnim 
<J°  to  100'',  it  is  found  that,  vrith  the  same  rate  of  applyiug 
he^t  to  the  tuu  liquids,  mercury  reaeht'ti  tlie  dettired  tempera* 
lure  more  ijuickly  than  water.  If  1  liter  uf  eauh  liquid  is 
ni«ed  and,  therefore,  l^td  times  a.-:  much  mermirv  a«  water  bv 
weight,  thi"  desired  temjioraturc  will  be  reached  by  mercury 
nith  the  ilame  of  one  liuiimn  burner  more  quickly  than  by 
the  nater  with  two  r-iich  ilaraos.  ^lien  a  body  cuols  to  its 
original  temirtjratiiro,  it  gives  up  to  sorroiinding  objects  the 
beat  which  it  cousnnied  while  its  temperature  wa*i  rising.  By 
obBorving  the  rise  in  lomjKirature  of  these  objeifts  it  i»  then 
possible  to  det&nuiue  the  total  quantity  uf  heat  expended  in 
raising  the  temperature.  WX  methods  of  determining  the 
specific  heat  of  bodies  depend  upon  the  amount  of  beat  given  up 
by  the  body  iu  cooling.  If  three  equally  he6*T  balls,  one  of 
copper,  one  of  tin,  and  a  third  of  lead,  be  heated  iu  boiling 
water  to  I0<.^',  and  laid  ujKni  a  dii^k  of  vax,  the  euji|>er  ball  fall» 
qniekly  through  the  hole  melted  by  it;  the  tin  ball  sinks 
deeply  within  the  wax,  while  thu  lead  hall  sinks  into  it  but 
slightly.  From  this  it  a]>pe«rs  that  copiier  hikt  omitted  the 
most  heat,  and,  consequently,  lias  the  gruatttst  spocitic  h«it, 
while  load  has  the  lowest.  Ity  this  oxperiuiunt  it  is,  how- 
ever, inipoftsible  to  obtain  an  accurate  estimate  of  the  ratio  of 
the  s]>ecillc  beats  of  these  substanoaa.  To  do  this,  it  is  nooea- 
snry  to  measure  the  quantities  of  heat  given  oil',  and  to  express 
them  in  heat  units.  The  thermal  luiit,  the  calorie,  has  alreadv 
been  selected  and  defined.  As  yeas  stated  in  (109),  it  is  the 
antonnt  uf  hea.t  retjuired  to  raise  1  kg.  of  water  1  ^  C,  or,  nbaL 
is  the  some  thing,  the  i>pccific  beat  of  vrator  is  taken  aa  the 
unit.  Instrnuent^  for  metunnring  8]>eeific  heat  are  caIW 
tdhritaeten.    To  determine  the  s]«eoillc  heat  of  a  body  by  the 
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Fio.  J^I.—IceCftlorfmeteror 
IiAVolsior  fflod  Iiaplftce. 


melting  pro(3esii,  tlie  ii?e  (.'alorirueter  (Fig.  121)  of  IjiToiHier  anil 
I^place  may  be  luwl.     It  (rciiiaist.s  nf  three  inetiillifr  veiwels. 

each  ctivclopeit  br  tlie  next  tiirger. 
the  iimeruiust  uf  wbicb,  c.  \»  per- 
forated, like  a  sieve,  or  it  may  be 
reiilaued  by  a  wire  basket.  Tbe- 
ititerveuing  space,  aa,  between  tbi> 
iiiiililli;  uiiil  riiitijnnust  ve^welH,  n.4  iil»> 
tbc*  bulluw  lid  uf  tlio  former,  art- 
iilled  with  luinjM  of  i(«,  which  serve 
to  keep  the  temperature  of  the 
Bpacf,  bb,  between  the  iiinermoKt 
and  middle  vessel,  nhioh  is  likewise 
£lle<t  with  ice.  at  a  iiniforin  tem- 
perature. The  water  pniilucwi  with- 
in the  Mjuice,  aa,  by  the  exterual 
heat,  flows  off  through  the  tap.  d- 
If,  now,  a  bwly  of  known  weight 
and  temiierature,  e.ff.  tax  iron  Kphere  heated  tu  100'  in  the 
vapour  of  boiling  water,  be  placed  in  the  innenuost  vessel, 
while  it  cooIn  fmm  tliiu  tem^wratiiro  to  0^  the  b^Kly  will  melt  a 

dettiiitu  cpiantity  of  ice  whicli  may  he 

determined  by  weighing  the  water  pass- 
ing out  through  the  tap,  a  Since  it  ia 
known  that  to  molt  1  kg.  of  ice,  8<.» 
thermal  unit.'*  are  required,  it  is  easy 
tu  compute  the  ijiiantity  of  beat  given 
off  by  the  Ixxly  while  cooling.  From 
thia  the  quantity  of  heat  per  kg.  which 
the  body  mntains  tit  P  C,  is  readily 
found,  and  (his  ih  itA  s^ieintic  heat.  The 
methoii  uf  Black  (1772)  U  much  nimpler. 
In  thia  process,  the  heated  body  is  plm^wl 
ill  a  cavity  hoHoncil  out  of  a  ptunu  block 
of  ioe,th«  hollow  being  then  covered  with 
a  plate  of  ice.  .-\fter  the  body  bus  cooled  tu  0^  the  water  from 
the  melting  ice  is  Mmked  up  by  nieaii-s  of  a  sponge  and  weighed. 
The  more  precise  ice  calorimeter  of  binisen  (Fig.  122)  dejKjnds 
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un  the  fact  that  the  meltiu^  of  ice  is  accuuijKwicJ  by  a.  con- 
trac-tiou,  i.s.  the  water  arising  from  the  melting  ice  occupies  a 
smaller  »pa(W  than  iloes  the  iee  it«cli".  The  tost-tabo,  w,  is  fuswl 
into  ths  wide  glaKs  vessel,  \V,  which  is  continned  downvrani 
intu  the  U-tube,  QQ.  The  vessel,  W,  is  fille<l  with  water  free 
firom  ttir,  which  is  confim-d  by  the  mercury,  <iQ,  in  the  loweF 
piu't  ul*  W  aud  iu  the  tube,  .Vllnwing  very  <;iild  alcuhol  t*t 
ttow  thnrngb  the  test-tube,  w,  it  will  bocomo  coated  with  au 
tnTelopo  of  ice.  If.  now,  a  Uxly,  heated  to  a  kno«Ti  tempe- 
rature, is  thniwii  into  the  tost'tube  L-uiitaiuing  a  tittle  water 
at  0°,  ice  will  be  melted,  and,  iu  wnisetjueuco  of  the  resulting 
contraction,  mercury  will  ris»  in  the  vesitel,  W,  and  within 
the  narrow  tube,  which  is  iiwerted  by  means  of  a  cork  into  Q. 
the  mercury  withdrawa  toward  Q.  The  amount  of  its  displace- 
ment gives  the  quantity  of  water  proiluced  by  melting,  aiid, 
accurdiugly,  also  the  i|tianti1y  of  heat  given  up  by  IbL*  body 
to  the  ice. 

If  I  kg.  i)f  water  at  10"  is  mixed  with  1  kg.  of  water  at  5tf 
and  no  heat  is  lost,  the  mean  teni[)eraturo  of  the  mixture  will 
be  30\  Tho  kg.  of  water  which  cooled  from  50"  to  30^^,  gave 
off  the  20  beat  units  rc^iuirod  to  boat  the  other  kg.  firom  10^  to 
Sty.  If,  on  the  other  hand,  1  kg.  of  water  at  10'  is  mixed  with 
1  kg.  of  oil  of  turj)«ntine  at  W,  tho  mixture  will  show  only 
'I4\  To  furnish  the  14  heat  units  required  to  heat  1  kg.  of 
water  from  l<f  to  24%  the  temperature  of  the  kg.  of  oil  of 
tur|>eutiue  must  therefore  foil  lifl'.  Conversely,  these  14 
thermal  units  will  also  suflice  to  heat  1  kg.  r>f  uil  of  turpentine 
by  3r.  To  heat  1  kg.  of  oil  ol'  turi>eutine  by  1%  therefore,  4| 
or  0-4  thermal  units  are  re4[uirt<d,  or  the  .-titecitii'  heat  of  oil  of 
tiirpuntiue  ia  04.  To  study  this  mi.ui]g  pr>)ces.H  with  more 
deiinitene^,  Kcguault  (,1840)  us«.-d  tho  up|iaratus  represented 
ill  fig.  123.  The  iip[ier  part  is  formed  of  three  enveloping 
metallic  cylindern,  the  innermost,  A,  being  doaed  above  by  a 
cork  through  which  a  thermometer  is  inserted,  and  below  by  a 
ntetnllic  lid,  which  may  be  e«isily  removed.  In  the  middle  of  X 
M  hollow  cylindrical  n  ire  basket  is  Mus|>eml«d  by  a  thread  pa.<<8ing 
through  the  cork.  Thi.s  little  basket  is  for  the  reception  of 
the  ludy  to  be  investigated,  the  latter  being  either  broken 


236 


EXPERIMENTAL   PHY8I0& 


into  Ingments,  or  hermetically  sealed  in  thin-walled  glass 
tubes.    Within  the  hollow  of  this  vessel,  the  thermometer  is 

enclosed.  Steam  is  now  ad- 
mitted into  the  space,  B,  firom  a 
boiler  at  the  side.  The  vapour 
heats  the  body  to  100°,  and 
jttisses  outward  through  e. 
When  this  temperature  has 
been  reached,  the  wire  bashef 
is  let  downward  after  the  re- 
moval of  the  lower  lid,  into  the 
water'Calorimeter,  D,  which  is 
filled  with  a  known  quantity  of 
water.  The  temperature  of  the 
mixture  is  now  observed,  and 
from  it  the  amount  of  heat 
transferred  from  the  body  to 
the  water,  and  accordingly  also 
the  specific  heat  of  the  body 
may  be  readily  derived.  By 
means  of  a  double  metallic  wall, 
d,  filled  with  water,  the  calori- 
meter, D,  is  protected  against 
the  heat  from  the  boiler  and 
from  the  vapour-chamber,  BB. 


Pig.  123.— Water  Calorimeter 
of  Regnaatt. 


If  m  deuotes  tiie  weight  of  water  iu  the  calorimeter,  t  its  temperature,  M 
the  weight  of  the  body,  T  the  body's  temperature,  c  its  specific  heat,  and  i 
the  resulting  temperature  ol  the  mixture,  tlie  body  gives  off  a  quantity  of 
heat  represented  by  JAc{T  —  S),  and  the  water  absorbs  a  quantity  of 
heat  represented  by  tn[I  —  t).  Both  quantities  muat  be  equal,  therefore 
McCT  -  i)  =  ""(>  -  Ot  whence  there  results— 

_m.S  -  t) 

In  accurate  determinations  it  must  be  borne  ia  mind  that  the  calorimeter 
itself,  and  also  the  immersed  thermometer  absorb  heat,  and  that  duriag  the 
experiment  heat  is  radiated  to  surrounding  objects.  These  circumstances 
may  be  readily  considered  in  the  computation.  If  water  is  mixed  with  water, 
e  =  1  in  the  foregoing  equation,  and  we  have  M(T  —  1)  =  m(l—  (),  i.e. 
-variations  of  temperature  are  inversely  as  the  oorreBponilbg  weights.  It 
results  from  this,  that  when  two  masses  of  water,  or  of  any  homogeueooB 
substances  are  mixed,  the  tcnipemture  of  the  mixture — 
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Th»  r<iilftt!on  ii  culled  Riehirumn't  ruff. 

A  thirJ  niBthod  of  deteTmiDin;;  sjwciflc  heat  U  tbat  know) 
an  tliu  method  0/  cooling,  used  by  Dutonfi;  and  Petit.  It  is 
budd  tipoa  the  principle  th&t  a  heated  Ixidy  in  a  vacunm  where 
it  can  eool  only  by  radiation,  other  circumi^taixoes  being  the 
swne,  coola  the  more  slowly  the  great«r  the  '|uantity  of  boat  it 
coDtaJns.  With  equal  fall  nf  temperature  tho  quantities  of 
beat  given  oil'  by  ditTeretit  bodies  will  accordingly  bear  the 
same  ratio  to  each  other  a^  their  tiiu«H  of  cuoling.  'ilie  speciSc 
heatof  abody  increfiflcs  nith  rising  tein|>era.tiire,  and  continually 
approaches  a  tixod  limit.  Between  0'  and  lU(r,  however,  the 
change  i»  so  small  that  within  thiH  inter^'al  iho  spocitic  heat 
may  be  regarded  as  invariable. 

The  8]>eniHc  heats  of  some  solid  substajioes  an — 


Aluminium 

... 

...     0-*!U 

Tk. 

...    OOK 

Sulpbur 

... 

...    iVUXi 

Iodine 

...     0-054 

Iron  ... 

... 

...     U'TU 

Antimonj    ... 

...    0-051 

Copp«r 

..> 

...    (H)96 

M«rc«ir>- 

...     i>033 

Zinc ... 

^, 

...    tM/95 

Plntinniii 

...     (HJ32 

Silrer 

... 

...    0-057 

Lead 

...     U031 

.  those  of 

some 

li<imiL*— 

Alcotiul 

...    0-5iJ(J 

DenEino 

...     0-392 

<Mycerme 

... 

...    0-55& 

Chlorofomi  ... 

...     0*111 

Of  all  bodies,  therefore,  water  has  the  greatest  specific 
heat,  viz.  1.     The  sjiecifie  heat  of  ice  is  only  0-5t);'i. 

Dniong  and  Petit  found  (1819),  by  wnnparing  the  above 
niunbcrs,  the  important  law  that  the  spccitio  hoat«  of  «olid 
tdiotnioat  ulomi-ntA  arc  related  t4>  each  othor  inversely  as  their 
atomic  weights,  so  that  the  ]iroduct  of  tho  atomio  weight  and 
the  specific  heat  for  all  tbeee  bodies  is  the  same,  and  qiihaIs 
almost  (i'j.  This  I>uloog-Fetit  law  may  also  be  expressed  as 
follows:  the  quantitie*  of  the  solid  efeimnte  eatpretted  hj  their 
alomie  toeighta  rtujutrt.  eqwU  antouvti  0/ luat  for  eqvai  eUvatiom 
qf  temperature,  or,  the  atomic  Keait  of  the  solid  demetUa  are  c/aal. 
jfoiimann  (IS31)  proved  also  that  the  specitic  heats  of  chemical 
compoumls  of  similar  c^>mp(isition  arc  in  the  inverse  ratio  uf 
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their  stfflnic  veights,  and  Eopp  prnved  tfae  propoeitifHi  that  the 
molecular  heat  <^  a  compoond  eqoals  the  sum  of  the  atomic 
heats  of  its  constitnent  elements. 

To  determine  the  specific  heat  of  gases,  Segnanlt  caused 
tike  gas  to  flow  in  a  nnifxKm  ciinent,  first  through  a  coiled 
tube  snmMmded  br  heated  oil,  within  which  the  temperatnte 
was  laiaed  to  f,  and  then  through  the  coiled  tnbe  of  a  Teasel 
filled  with  oofAet  water,  where  the  tonperatnie  fell  to  r*.  In 
this  experiment  the  qoantitr  erf  heat,  wttit  —  f),  was  ttansfened 
to  the  cool  water  ererv  minate,  where  m  denotes  the  weight  (rf 
the  mass  of  gas  passing  ererr  minnte,  and  e,  its  specific  beat. 
If  the  cool  water,  wboee  mass  Is  M,  attains  a  constant  excess  of 
temperature  abore  its  snixonndings,  the  number  of  d^rees  (T) 
by  which  the  water  cools  per  minnte  is  obsored  after  the 
cmrent  of  gas  has  stopped  flowing.  Obrioaslr,  as  befixe,  while 
the  stream  aX  gas  was  flowing,  the  quantity  fit  heat,  MT. 
escafnng,  is  replaced  by  the  quantity  of  heat  me{t~  f)  given 
off  in  the  same  time  by  the  gas.  C<Hi9eqnently,  mte(t  —  f) 
equals  MT,  frmn  which  equati<m  the  specific  beat  of  the  gas 
lesults.     In  this  way  the  following  values  vete  found  : — 

HTdrogen 3-«W 

An-  i>375 

Caibonic  oxi-fc        (h2125 

Oxjgn        0^175 

Chkrine       0-IJ14 

Shrogen      O^VSA 

If  these  numbos  are  multiplied  by  the  specific  gravities 
(the  weights  oX  equal  volumes)  of  the  lespectiTe  gases,  almot^t 
the  same  product  is  obtained  for  all,  ije,  equal  vt^ames  of 
different  gases  require  equal  quantities  u(  heat  for  equal  eleva- 
tkus  of  temperature.  Since  the  specific  gravities  of  gaseous 
bodies  are  to  each  other  as  their  molecular  weights  ( Avogadro's 
law,  120)  it  is  also  troe  that  the  molecular  heats  of  all  ijierfect  I 
gases  aie  equaL 

In  the  mode  of  experimentation  just  de:$i.Tibed.  the  heated 
gas  is  in  eqoilibrinm  with  the  ext»nal  pressare  of  tfae  air,  since 
it  is  oomp^ed  to  expand  against  this  pressure.  To  perftvm 
the  required  wcvk,  a  portion  of  the  applied  external  beat  is 
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oonsuiuc^.  iki  \\e&  tlie  >-jas^  nitb  vaporizAtion.  To  beat  the 
mue  of  gas  in  a  rigid  v«ssol  of  fixed  votame  to  the  Etame 
lemjieratiire,  loss  heat  would  lie  rpqiiireil,  since  no  expHnsimi 
ciiuld  then  occur  and,  iherelVire,  no  work  is  U>  Ijo  perfdrmed. 
With  gases,  two  different  sixK-ific  heats  are  dtsting:uished, 
viz.  a  greuter  sjieciflc  heat  with  constant  pressure  and  a 
smaller  specitio  heat  witli  constant  volume.  With  sulids  and 
liquids,  this  distinction  need  not  be  made,  because  their 
expansion  ttcitifr  small,  the  work  of  overeominiE:  the  external 
pressure  is  inconKiilcrnhlo.  Hut  with  gases  (his  <!onsnmptioQ  nf 
heat  becomes  pprceptible,  since,  for  example,  a  gas  which 
expands  while  overcoming  a  pressure,  ctKils  when  it  re- 
ceives no  ]ipat  from  withont,  by  reason  of  the  fact  that 
it  must  Ituiitsb  from  its  own  thermal  supply  heat  onongh  to 
perform  the  work  of  expant^iou.  If  the  air  under  the  receiver 
of  au  air-j)uiup  \^  siitumted  \\A\\  water  vapour,  at  the  first 
stroke  of  the  piston  a  fog  is  produced  by  the  cooling,  and 
H  thermometer  connected  with  the  receiver  {«.g.  Breguet's 
luelal  thermometer,  Fig.  103)  sinks,  (^mverwely,  heat  nnist 
be  deTelo]>ed  on  compressing  a  gatt.  The  so-called  pneumatic 
tinder-box  depends  upon  this  principle.  If  a  pistun  be  pushed 
with  sniKcient  rapidity  into  a  (tyliniler  mnlaining  air,  the 
iKtrnpieesad  air  heoumes  w>  highly  heated  as  tu  kindle  a  bit  nf 
tinder  atlacheil  t«  the  piston. 

lilt  ilin^t  <t  Pterin  inn  don  of  tlie  t|iccLlic  ^Mt  vtitli  ooiifitaat  volnme  !■  not 
{>OMtbl«  aince  tli«  weight  of  tlic  pu  cuDiitinc<l  in  tho  ripd  shell  i<  oltDgAthor 
too  Mnall,  r«latir«ly  to  Uie  weigbt  of  llie  AmVt  itxolf.  IIm  r«t)o  of  tlio  two 
tfwriflo  heats  e  and  e  m&y,  however,  be  IwaA  hv  AMetUintng  th«  nndl  me 
or  temperatnre,  4,  ol'a  miu«  of  4ir,  wboit  it  it  MKltivnl)*  coin{>reMcd  bj-ui  much 
M  it  wonlil  buro  fxpandeil  onder  coD«t«at  prctKturc,  If  the  l«mperaUiro  h«'I 
riii«n  1".  Tlifi  <}tifliitity  of  b««t,  r,  requiT««l  for  the  lutUtr  imrvose  must  thwi 
ttifficc  lo  hciit  thin  in*wi  of  »ir,  if  ita  ruluoii'  ia  coiislaul,  by  !  +  (*',».«.  if  c' 
•looot«  the  Kpccific  lic«t  witli  coutant  volume,  wo  miut  have,  c  ==  c'(l  +  I), 

"r  -,  =  1  +  8.     lly  a  very  iii(;«n[ow  msthixl.  Clement  Mid  DworoioB  (t819> 

i-xccut«d  some  cxperiioents  Rcb  as  that  dociibcd.    For  air,  tl»  b«rt  axperi* 

■mUi  gav*  the  ratio  7  =  1*41 ;  for  other  gases  the  value  waa  alntoKl  the  sane. 

From  tbie  the  Bpccific  heal  of  air  wiUi  connani  vohimo  ia— 

I     - '^'-^^  -  O-IBflJ 
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Ifi$.  CoDduetioQ  of  Heat. — If  a  metallic  wire  is  held  in  the 
tlame  uf  a  cati<lle,  tbe  heat  jjasstug  aluii^  through  tbo  wiie  Croni 
its  heat«il  end  soon  becomes  manifest  at  the  other  enri,  bo  that 
it  c-annot  long  be  held  with  the  tinkers.  A  wooden  rod  of  tbe 
fiaiuo  lent^b,  bowevtir,  may  be  sot  on  Kre  at  one  end  anti  burut 
almost  to  tbe  Sngers  without  p«TC«ptiblo  hoatiiif;  of  tbe  part 
held.  A  silver  spoon  dipj^d  into  hot  soup  ijiiiokly  becomes 
hot  at  the  bnudle,  while  a  wooden  one,  under  the  same  cir- 
cumatauces,  heats  very  »tlow!y  and  very  slightly.  This  traus- 
Qiissiun  of  lieut  iti  bodies  from  warmer  to  trooler  ptirtionn  H-ithin 
the  mass  of  the  body  is  valleil  &)nducli&R,  From  the  examplee* 
already  adduced,  it  is  readily  seen  that  the  conduotiTity  of 
different  substances  is  very  different.  Of  bH  bodies,  the 
metals  are  the  beet  conductors.  Wmid,  ashes,  straw,  .silk, 
feathers,  hair,  wool,  etc..  and  loose,  porttiis  Kubslances  of  the 
animal  and  vegetable  kingdoms  ans  in  general,  the  [xiorest 
conductors.  8tone,  glawi,  and  [lurcelaiti  conduct  heat  sume- 
what  better  than  do  the  latlcr  «iilwtanf.fs.  Thn  conductivity 
of  ditforent  metaU  iii  also  very  difleroiit,  as  may  be  easily  shomi 
by  the  following  experiment,  f^t  n  copper  bar.  together  with 
an  iron  bar  of  the  same  cross-section,  Ije  placed  in  horizontal 
[Kwitions  with  enil!i  (jnichtng.  ('[Km  their  lower  sides,  at  P(|iial 
disttince^t  from  thi>  place  of  VAtniuvt  of  the  bars,  lot  a  number  of 
small  w(hk1ou  balls  be  »tuck  with  wax.  If  the  cutis  in  contact 
are  now  warmed  the  heat  will  be  transmitted  through  the 
copper  bar  the  more  rapidlj-,  and  with  equal  heating  more 
balls  will  fall  from  it  than  from  tbe  iron  t>ar. 

If  a  metal  hhI  (l''ig.  124)  is  heated  at  one  en<l  and  thermo- 
meten^  are  plwwd  upon  it  at  e<)ual  distances  apart,  being  held 
in  plai'e  by  slight  doproseions  in  the  rod,  it  will  be  oWfTod 
that  after  a  little  time  eat'h  thermometer  will  attain  a  fixed 
height,  and,  consequently,  that  a  Klate  of  etjiiilibrium  of  tem- 
perature along  the  rtxi  will  be  reatdied.  By  this  condition  of 
ei|uilibnuiu,  it  is  merely  meant  that  just  as  much  heat  is 
received  from  the  aoim-e  by  any  cross-section  of  the  rod,  a.s 
this  section  transmits  to  tbe  other  side.  This  emission  from 
any  given  cross-section,  however,  ts  not  confined  to  the  flow  of 
heat  within  tbe  rod  towanl  tlie  cooler  end,  hut  it  also  iticludeji 
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the  flow  throiigb  the  siu-tkce  ot'  the  bar  to  the  colder  surround- 
ings, in  consequence  ul'  whit-h,  beat  is  continually  lost  to  the 
bar.  It  is,  therefore,  liosirBble  ti»  distinguish  an  internal  and 
MI  extcnisl  heut-aiiifluctivity.  By  internal  conductivity  is 
meant  tho  ijuantity  of  heat  {tMning  thr<>U{;h  a  cube  of  the 
snbstaaoe  of  J  cm.  ed;;;e  diirinjr  one  niinnte,  when  two  oppofiilo 
rftpw  have  H  difierencc  of  tcnn)cratiu*e  of  1'  <.'.,  and  the  remain- 
ing siirtfufes  are  wgoplod  as  InipomieBble  to  heaL  By  eautmval 
eondttetivity,  however,  is  meant  thn  quantity  i>f  heat  given  off  by 
a  bwly  one  degree  liipher  in  teni[>prHt«rethtt.u  that  of  its  environ- 
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oient  through  1  sq.  cin.  of  its  surface  during  one  minnte.  The 
qoautitieM  of  heat  ate  here  itiip|>u3od  to  be  measuiod  in  terms 
of  the  smaller  heat-unit,  or  gram-calorie,  viz.  in  terms  of  the 
quantity  of  heat  required  to  warm  1  p.  nf  water  by  1°  C.  If 
I  he  metal  Itar  has  attained  the  condition  of  thermal  equilibrium, 
or  the  "statical  ctmdition."  it  apiiearit  that  the  nuc>eesaiv«^ 
differencosi  of  height  of  the  thermometers  follow  the  law  that 
each  jniccessive  one  i»  the  same  fractional  part  of  the  preceding 
difference,  or  that  when  the  distances  from  the  source  of  heat 
increase  in  arithmetical  serie«.  t]i«>  thermometer  lieightji  decrease 
in  a  geometrical  twrieti.  This  law  l«  ropreMnted  by  the  dotte«l 
curve,  which  connet^ts  the  top  uf  the  mercnrial  adumns  (Fig. 
124).     This  law  was  discovered  by  I>CKpret3!  in  1822. 

The  fall  of  the  curve  fin^m  the  warmer  toward  the  cooler 
end  of  the  rwl  represents  the  fall  of  temperature  at  each  point 
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(if  the  rod.  By  the  phrase  "  fall  rrf  jemperatnre  "  is  meant  the 
ni*io  of  the  diSbtonce  of  the  temperatures  of  two  rory  near 
jwints  tn  the  distanre  l>etw(M.>n  the  [Kiint-s.  The  quantity  of 
heat  |«sfiing  through  nny  separate  cposii-section  of  the  rod  by 
inner  <*omlii(Ttion  during  one  miniit«  may  lie  obtained  by  inulti- 
jilying  the  product  (if  i:ri»(N-tiucti(>n  and  fall  nf  temperature 
by  the  interual  conductivity  of  the  i^nh.'ttAnco.  In  tho  h'tationaj}' 
coDdition,  this  quantity  of  heat  miiat  be  equal  to  th«>  entire 
amount  of  heat  lost  by  the  end  of  the  rod  b(>yi)nd  the  cross- 
.><(>otion  thrniiffh  extenml  cunductinn  during  one  mimitc.  The 
latter  quantity  nf  heat  may  be  cumpiiled  from  the  surface  of 
iJiJH  [Kirtiiin  of  the  bar  und  the  uidieation  of  the  thermonieters. 
when  the  oxteroul  conductivity  is  kno«n.  The  external  con- 
ductivity is  found  by  observinj;  the  loss  of  heat  per  minute  of 
a  portion  of  the  >iame  »ubstauce,  vliuiie  Wf-ight,  siirfaco,  and 
specific  heat  are  determined  when  the  difference  of  tem[«ratnre 
ab<]ve  the8urrouadingohiec(softhe]>ortioneon8iderH<i  is  known. 
It  is  thus  possible  to  obtain  both  heat-(;onductivitie8,  in  accord- 
ance with  the  above  defi&itions,  ia  <^dolut6  nieaaare». 

The  relative  (internal)  conductivity  of  different  Iwdioa  rnn 
be  found  l»y  nbaerviug  rods  of  the  eauio  form,  whose  external 
condnotivities  are  equalized  as  nearly  as  piwisihle  by  varnishing 
t}ie  surfat*.  or  plating  it  with  silver.  Under  these  ciriMim- 
etanircs,  the  uitemal  cundiictivttivs  are  afi  the  squares  of  tlio 
flistanceti  from  the  source  of  beat,  at  which  equal  difference's 
of  temperature  occur  after  the  Ktationary  condition  has  been 
reacheil.  Wiedemann  and  Franz  (1353)  determiDed.  with  the 
aid  of  a  thermo'etectric  element  (see  below),  the  tomperatures 
of  the  suhfttances  tabulated  below,  and  obtained  the  following 
ntmibcrs  for  the  relative  (^intcinal)  <Hinduclivities  of  metals 
(first  oolmnn  of  the  following  table),  the  conductivity  of  aili'er 
Iwing  put  equal  to  1(H>. 
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The  alisoliitc  L-uu<lu<-tivitics  (sonontl  (^uliiini))  were  oooiputed 
from  the  relatire  by  using  as  ft  stondartl  the  ratue  lU  for  iron, 
(letermmetl  liinx-tly  by  Ncuniann.  Through  «■  ''ulw,  whose 
edge  is  1  rni.,  sixty-orie  grani-fBlnries  [>bk8  ilurmg  ime  iniimte. 
when  the  difiorence  a!  tempprattire  of  tiro  c>]i[>o«iite  fftc«ii  h  1°  C, 
and  diuiog  vae  mcond,  therefore,  vi>ry  nearly  one  graui'^-alorie 
pMsea. 

Id  daily  life,  we  make  manifold  applications  of  the  gix>d 
nud  pour  i-(imliu*tivities  of  ^tibstance^.  To  avoid  biirniti)f  tbe 
tinjj^era.  tea-jvolti,  Ktove-ddors,  and  [Kiken:  are  provided  nilb 
irmxlen  handles.  Trees  and  shrubs  are  unip|>ed  during  the 
iriiiter  with  straw  ti>  protf«t  th«m  against,  freoxiug.  Clotliiiig, 
ttliirli  in  nmde  frnni  piwr  roiidurtiiig  materials,  pretenls  the 
rapid  radiation  of  the  heat  of  the  lfo<ly  to  siinY>unding  objscts. 
On  the  inhor  hand,  straw  and  other  poor  conductors  of  heat  are 
used  to  proTpnt  the  entraiice  of  external  heat  into  refri^^erators 
am)  i(.')>-hoiisf?FS,  and  ice  which  is  to  be  shippetl  JH  pai^ked  in 
sawdtut.  Kire-proof  money-safes  contain  ashes  between  their 
•Uxiblu  uaJlH,  t»  dRlay  the  adminiiion  of  heat.  Id  a  <x)ld  room, 
melalliu  kt^-hea  and  dii(ir>l)clU  feci  colder  than  the  table-ctotli, 
though  all  are  really  at  the  same  temperature,  be<-'aiiso  the  metal 
iwidnets  heat  from  tbo  hand  more  rapidly  than  liitcs  thw  rlutb. 
In  a  room  heated  to  a  temperatnre  higher  than  that  of  tbe 
hnmaii  Ittidy,  tha  metal  fi-nls  wanner  than  ttiL-  clutb.  because 
the  mrtat,  in  this  r-aAr,  condnt^ts  more  heat  to  the  fauud  than 
do€»  the  L'loth.  If  a  cyliuder.  composed  half  of  eop|>er 
and  half  of  wood,  is  surronnded  by  a  etose-fitting  enrelope 
of  paper  and  held  over  a  flame,  the  pwper  chars  as  far  as  it 
i-uTers  tbe  wood,  but  over  the  rop|)er  part  of  the  cylinder  it 
n>inain!i  nninjnred,  liecraniie  the  metal,  by  rapidly  conducting 
the  heat  nwuY,  doeH  not  allow  tbe  paper  to  reach  the  burning 
tpni|>cralure.    Jn  a  similar  way  a  very  remarkable  property  of 


nire  gaoza,  wheu  immersed  in  flame,  is  aecouuted  fur.  If  u 
piece  of  fine  wire  gauze  is  held  in  a  gas-flame,  the  flame  appean* 
to  be  cut  in  two.  The  iiieta)  tbrciuls  u)iidti<-t  uway  the  heut  »■> 
rapidly  that  the  ;:s6-flaiiie  is  cooled  bc-hin-  kindliug  temperature. 
If  8  gas,  without  bcinp  lifchted.  is  allowed  to  flow  from  n 
burner,  and  a  wire  screen  is  held  in  the  current,  the  latter  may 
be  lighted  above  the  screen  without  kiudling  the  portion  of 
the  current  below  it.  Datnf^s  sa/dy-Iamp  depends  upon  thi« 
pniperty.  The  llamc  of  au  oil  lamji  is  surrounded  by  a 
vylindrical  wire  gauze  elose-J  at  the  top.  With  such  a  lamj). 
when  n  miner  enters  a  stibti'rmneBn  eharalwr  in  which  cnrlTOnic 
acid  gas  is  mixed  with  the  air,  furming  the  siwalled  fire-damp, 
a  gaseous  mixture  whidi  explodes  in  an  ojH-n  llame,  the  cnmbnii- 
tible  gas  jtasscs  nlunly  thruugh  thu  mcnliOH  of  the  gauze  to  thi- 
flame.  It  is  then  consnuied  within  the  cylinder  in  a  succession 
of  weak  explosionsi.  which  are  not  strong  enough  to  ignite  the 
outside  ga.t. 

Li(|uids  ere  poor  rondiu'tom  of  hent.  In  these  the  heat  is 
distribute<I  mainly  by  meuiLt  of  currenUt  (cmtvecHon),  arising 
bom  the  ex[)uusiuu  i>f  the  interior  layers,  which,  Ixscoming 
lesH  dense,  rise  in  the  liquid  and  are  replaced  by  the  colder  and 
denser  layers  from  alwve.  My  moans  of  this  circulation  within 
the  lif}nid,  upon  which  the  heating  of  water  depends,  the  r)!>e 
in  temperature  of  the  liipiid  is  very  greatly  promoted.  WTiou. 
on  the  contrary,  a  ]i(|uid  *  is  heated  from  above,  the  heat  ix 
distribnl^^l  dmvnward  very  sluwly  by  n-a.')t>n  of  its  poor  nui- 
dnctivity.  lu  a  test-tube,  held  obliquely,  water  may  be  bulled, 
while  a  piece  of  ice,  helil  at  the  Ixittoiu  of  the  tube  by  a  sinker. 
is  not  appreciably  melted.  The  ab^lute  conduetivity  of  water 
is  only  0  ua. 

Gases  condn«a  heal  also  \fry  jjoorly.  Layers  of  air  encloswl 
l)etwepn  ilouble  windows,  for  example,  are  well  adapted  tu  llu^ 
pi'oveotiuu  ut  the  outward  radiation  of  heat.  The  above  animal 
and  vegetable  giil>!ttaneea  (straw,  wool,  etc.),  called  jHwr  <!«>n- 
ductoi^  owe  thL'ir  "  heat-holding "  capability  mainly  tu  the 
jKKjrly  conducting  air  held  within  their  interstices.  The  heat- 
conductivities  of  gaflos  arc.  nmreover,  very  uuetgual.  Kydrogeti 
coudncte  heat  better  than  any  other  gas.    The  absolute  con- 
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dtidiTity  of  air  is  0-0033;  thai  of  hydrogen  is  Rbout  seven 
tiiDes  m  greftt  (Stefan,  1872). 

1S6.  EadiatioD  of  Heat- — VVtien  the  fare  ir  turned  ttivraril  a 
but  hIovu,  the  hieti^tion  of  heat  is  experience^L  If  a  KCT«en 
>8  iutdrpuBod  between  the  face  aiid  iho  mtovo,  the  sensation 
imine<i lately  disappeara.  The  sensatiou  ia  not,  therefore,  due 
l«  the  temperature  of  the  nir  of  the  room.  An  effect  of  sotne 
sort  inutit  pr<x!eed  from  the  stove,  whtt^h  w  destroyed  by  an 
ohstnu'tion  placed  hetween  the  face  and  t  he  stove.  Wo  describe 
thU  effect  by  saying  the  Htove  "  nuiiatus  ht-al."  This  radiant 
beat  is  propagated  through  the  air  in  strught  Hues  without 
wanning  the  air  directly,  although  an  indiriect  effect  through 
tho  mediation  of  ixxlie^  aj^ainsl  nhieh  the  heat  impingeis,  is 
noticeable,  provided  the  body  does  not  Iransmit  all  the  heat 
incident  U[H>n  it,  hut  absorbs  a  portion.  The  fantastic  tigiiree 
fproducetl  by  hoar-fruat  uj>on  window-panes  disappear  under  the 
iiiduence  of  the  radiation  from  the  stove,  oven  tliougb  the 
temperature  of  the  air  tn  the  room  is  below  the  Ircezing  point 
These  invisible  rays,  emanatiiif,'  ftom  the  heated  liody,  are 
reflet^ted  by  a  mirror,  are  refrauteil  by  prinmH  and  leu&eu,  are  dis- 
[•ented  by  rough  surfaces,  and  are  absMjrl»ed  according  to  tho 
!<ame  laws  as  ar^  light  rays.  Movoover.  light  rays  are  at  the 
Mime  tirio  heat  rays,  for  they  raise  the  lemi^raturc  of  a  body 
iv'hich  abiuirlis  them.  Wo  shall,  therefore,  treat  the  phenomena 
*'f  radiant  heat  later  in  connection  with  Inminous  phenomena, 
limiting  ourselves  here  to  the  mere  mention  of  a  few  fitcts  of 
everyday  experience. 

A  Uidy  expoite<l  to  heat  my»  will  ri«ie  in  temperature  higher 
anil  higher  the  more  completely  it  alisorbs  the  rays  falling 
upon  it,  or  tho  fewer  of  these  rays  it  tunts  aside  by  difiuso 
reflection.  With  tho  same  exposure,  therefore,  dark  bodies  are 
more  highly  bcate<l  than  liifht  ones.  For  this  reason  wo  wear 
ilarker  clotheH  in  winter  and  lighter  in  summer.  Darkly 
rolonred  soil  is  more  strongly  heated  under  the  influencio  of 
solar  radiation  than  white,  chalky  soil.  The  soot  of  reeinons 
ptue-nood.  which  absorbsall  kinds  of  radiation  almost  porfeiTtly, 
and  for  this  reason  looks  black,  is  more  highly  healed  than  any 
other  known  body  on  ezposuro  to  thermal  radiations.   If  soot  is 
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sprinkled  over  the  surface  of  freshly  &Uen  snow,  it  will  be 
obaerred  that  the  snow  melts  more  rapidly  under  the  soot  than 
elsewhere,  and  that,  following  the  trace  of  the  soot,  a  deep  trench 
is  melted  into  the  snow.  Those  bodies  which  absorb  heat  ray^ 
beet  also  radiate  their  beat  most  easily.  Badiating  pow«  in- 
creases in  the  same  ratio  as  absorbing  power.  Hot  water  cools 
more  rapidly  in  a  pot  covered  with  soot  than  in  one  whose  soifsce 
is  not  so  covered.  A  thermometer,  with  its  bnlb  covered  with 
soot,  or  lampblack,  rises  in  the  sunshine  more  rapidly  and  Ui 
a  higher  point  than  a  precisely  similar  thermometer  wiUiont  a 
coated  bolb.  It  also  cools  mach  more  rapidly  in  the  shade 
than  does  the  latter.  Different  thermometers,  on  ezpoeure 
to  the  SOD,  indicate  different  temperatnres  according  to  their 
absorptive  powers.  For  this  reason  the  data  of  a  thermo- 
meter exposed  to  sunshine  are  worthless  as  indications  of 
atmospheric  temperature. 

It  is  evident  that  only  those  rays  which  penetrate  into  a  body 
are  absorbed  by  it  and  warm  it.  A  smoothly  polished  body, 
which  reflects  a  part  of  the  rays  from  its  sor&ce,  with  a  given 
exposure,  is  less  strongly  heated  than  is  the  same  body  with 
a  rough  surface.  The  latter  surfJace  permits  a  part  of  the 
radiations  to  penetrate  to  a  certtun  depth  within  the  body 
before  dispersing  them.  On  the  other  hand,  a  warm  body 
radiates  its  heat  more  freely  through  a  dnll,  than  through  a 
polished  surface,  because,  at  the  polished  surface,  a  part  of  the 
beat  radiated  from  the  interior  of  the  body  is  reflected  again 
into  the  mass.  In  a  brightly  polished  metallic  coffee-pot,  the 
liquid  retains  its  heat  longer  than  when  the  surface  of  the  pot 
is  less  highly  polished.  In  this  connection  it  may  be  noted 
that  the  best  absorbents  are,  at  the  same  time,  the  best  radiators. 

That  the  radiating  power  of  a  body  is  equal  to  its  absorbing 
power  follows,  moreover,from  the  so-called  principle  of  dynanUeal 
equilibrium  of  temperature  (Prevost,  1809).  Every  body  emits 
rays  of  heat,  and,  at  the  same  time,  receives  other  rays.  TMien 
the  body  has  reached  the  same  temperature  as  that  of  sunuund- 
ing  bodies,  experience  teaches  that  it  does  not  change  its 
temperature  longer,  although  radiation  both  toward  and  from 
it  continues.     This  is,  however,  jx>ssible  oidy  if,  during  a  given 
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intervo]  of  timo,  tho  same  amoiuit  of  beat  is  absorbed  oh  ih 
rud  iuted. 

127.  Hechanieal  Theory  of  Heat — Firtt  propontion.  To 
exi^iUiu  theriDul  jjbeuumc-uiL,  it  waa  lonuerly  aasumed  timt  beat 
i»  caused  hy  a  subtle,  imjiuiKlerable,  thermal  matenaJ,  which. 
by  |>eiietratin»  into  a  }mkI\  in  greater  or  leas  quantities,  vin& 
ihouglit  lit  [irvxiiice  lU  liifferont  teiaporatiires,  its  espaiisioii, 
its  melting,  its  vaj>f)rizatiuD,  etr.  Thit)  i(o-aa.Hecl  ihoory  of 
eiHiWoA  satixra>(>torily  iici-oiintcil  fur  neither  the  pheiionicna  of 
heat  rudiatioii,  nor  for  the  fcu.-t  that  heat  may  be  ]>rodiK-e<l  by 
fricliitn  or  any  other  sort  of  luechauical  work.  The  mechanictU 
iheortf  of  heat  generally  actiejited  at  present  asanniex,  on  the 
contrary,  that  heat  is  a  species  of  energy,  that  it  is  the  energy 
of  motion  (kinetie  energy)  of  tho  moloculee,  whoso  movements 
are  mo  small  as  In  be  ini]>erce|itiblo  to  the  eye.  They  are, 
however,  capable  of  prodiirin^  an  impression  upon  the  sensi- 
bility, which  we  caJl  "heat."  To  explain  how  Uie  production 
of  beat  by  nionliiuiical  woi'k  is  possible  scconlinff  to  this  Tiew, 
vtt  may  use  the  illustration  of  a  Auiith  bammerinf*  a  piece  of 
iron.  While  he  lift«  the  hammer  h«  performs  a  certain 
•|uanlity  of  work,  by  virtue  of  which  the  hammer,  during  >*** 
fall,  attains  a  certain  ijiiantity  of  energy,  which  latter  is 
expended  in  belabonriag  the  iron.  ^Vfter  striking  the  iron 
lying  npon  the  anvil,  the  falling  hammer  cnoies  to  rest;  \is 
lirof^ressive  motion  13  siiddeuly  titup])od ;  the  energy,  however, 
which  resides  in  it  is  in  nowise  lost.  It  ia  merely  transferred 
to  the  piece  of  iron,  gi^'ing  rise  to  vibratory  motions  vrithiu  the 
ina&8.  The  energy  of  the  hanniier  reappears  without  diminution 
iu  this  nndiiiatory  motion  uf  the  molecules.  The  anvil  is  set 
into  rapid  vibration,  similar  to  the  vibration  produced  by 
striking  a  bell :  in  both  caficti  the  vibrations  are  perceived  by 
tho  ear  as  loiid,  ringing  g'tunds.  In  hammorod  iron,  how- 
ever, \ibrations  of  the  mt^deciJes  are  also  produced,  which 
are  i)ercei>tible  us  heal.  The  iron  is  heated,  and,  by 
continued  hammering,  it  may  won  lie  made  to  glow.  The 
work  |K:rfi)Tmc4l  by  the  smith  at  tacb  stroke  is  greater  the 
hMvicr  bia  hammer  and  the  higher  he  raises  it.  If  the  hammer 
weighs  1  kg.,  ami  he  rattHjst  it  I'm.  high,  the  work  c3:]>ondoU  is 
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1  kilogram- meter.  The  eix^rgr  with  vhinh  the  uivil  ia  strauk 
iii  menstired  by  the  nune  niuf^uitttde.  This  energy  curreKjionilK 
prei^isel}'  to  the  quantity  of  heal  |iroilure>I  in  haiumeriug  the 
iron.  The  euerffy  in  ex|ieaile(l,  purtly  iu  the  tmu,  partly  in 
tlie  hjumuer,  partly  in  the  anvil,  tuid  «  fourth  portitm  is 
expended  in  the  propagation  of  sound  through  the  air. 

In  the  retAnlatinn  of  motion  by  friction  heat  is  also  de- 
veloped. A  metallic  button  nil>)>ed  onwiH>d,nr  leather,  Itocomes 
hot.  The  savages  obtained  lire  i>y  nibbing  two  sticks  together. 
and  we  uunielves  ai;(x>mpliith  the  itame  result  by  heating  tlie 
jihoephurus  uf  a  iimtch  t**  it:!t  tt'm{N;ratiiro  of  ignition  by  means 
of  friction.  W'licn  u  train  of  cari*  is  ^topped  by  nietms  i>t' 
brftkog,  both  wbe«l  and  brake  become  hoatod. 

l''rom  experiments  im  the  friction  of  caet-tron  upon 
water,  in  which,  on  the  uue  hand,  tlie  work  expended,  and,  on 
the  other,  the  amount  of  beat  develojied,  i^-ere  accurately 
determined.  Joulu  (1850)  found  that  a  work  of  424  kgra,  is 
cMinsumed  in  heating  1  kg.  of  water  tlmmgh  l"  C.  The  number 
421  kgm.  is  c»]ted  the  mfieltanical  equitfalent  of  th«  h^at  unit. 
It  expresses  the  constant  relation  between  work  and  heat,  by 
the  aid  of  which  the  one  may  bo  transforniod  into  the  other. 
That  not  only  work  may  lie  transformed  into  heat,  bat  that  the 
converse  is  alwi  [xjosiMe.  i.s  illustrated  by  the  .stoatn-ongine. 
The  energy  of  motion  with  wbirli  a  train  of  rjirs  nuivc»  ariHeii 
obvioufily  from  the  beAt  of  the  tiro  under  the  boiler  of  the 
loooniotive,  and,  as  v^as  »Iiown  by  Him  from  cxperimonti;  with 
steam-engines,  for  every  424  kgm.  (tf  work  |»erfornieil  iu  moving 
the  train,  one  beat  imit  disapjieaTV  by  being  converted  from  the 
form  of  invisible  molecular  motion  into  the  energv  of  moviug 
masses.  This  pro|M>Kitiun.  lir«t  rttt»gnizod  by  llijl>ert  Mayer  in 
1842,  itt  desigtuttod  the  firtt  propotUi&it  of  the  me<.-buuical 
theory  of  heat. 

128.  Structure  of  Hatter. — The  view  that  ht»t  ia  not  a 
material  substance,  but  rather  that  it  is  work,  or  kinetic  energj-, 
together  with  the  assumption  that  bodies  are  composed  of 
neitarate  moleculex,  furnishes  u  <.-on£isteut.  clcur,  though  witlial 
an  hypothetical  explanation  of  all  the  pbcnometia  of  heat  witli 
which  the  fitcts  of  experience  have  lhu.s  far  fiimitiarizod  us. 
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A  solid  U  to  be  reganleil  lut  aii  liggivgatiou  of  molecules, 
bound  together  without  immediately  tutu-hiug  one  another 
iiitti  u  (■j>nne(':ted  wholi;  by  tho  intemni  Ibrces  i>l'  aihosiou.  liy 
reftsuu  of  thu  coinbiucJ  eil'ecl  of  the  focuerf  exerted  by  neigh- 
bouring molcciitos,  ovory  mol«ciile  bos  a  dotimto  position  of 
equilibriiiin.  from  this  position  it  can  be  removed  and 
ViPought  into  a  new  position  of  eqiiilibrium  only  by  the  at-tiou 
of  external  force:!.  So  srxjn  as  theiw  external  forces  cease  to 
net,  the  molecular  forces  will  drive  this  molecule  buck  into  it« 
iirigina!  position  of  eii|iiilibriimi.  The  elastitnty  of  solids  ulso 
tindii  a  satisfactory  explanation  in  this  theorA'.  Tho  molecules 
are  not  in  a  state  of  rest,  however,  in  their  momentary  positions 
nf  oquilibrimu,  but  oBt?iIlat«  rapidly  about  this  piwition.  The 
energy  with  which  tho  vibrating  molocules  strike  the  finger  is 
perceived  by  us  as  heat.  The  degree  of  heat,  or  the  temperature 
tif  A  b<.«ly,  is  accordingly  proportional  to  the  euergj-  of  motion 
of  its  molecidea  To  worm  a  bf)dy  moans  merely  to  ttot  its 
molemies  into  more  cnorgctio  vibration,  or  to  increase  their 
HJuplititilo  of  swing.  Since  the  vibrating  moleculus  pass 
farther  from  their  positions  of  equilibrium  than  beibre,  they 
require  a  greater  space  within  which  to  perform  their  motions. 
and,  CQDsecjnently,  strive  to  assiuue  new  positions  of  equi- 
librium more  widely  separated  than  in  the  cooler  state.  The 
volume  of  the  body  ia,  therefore,  increased  on  heating,  or 
the  body  expands.  The  molecular  forces,  however,  oppose  the 
iceparation  of  the  moleeuleij.  To  overcome  these  forceu,  a 
certain  quantity  of  extenud  heat,  or  work,  is  (x>m(umed  in  the 
[>erformance  of  internal  work.  If  an  external  force  acting 
against  the  expansion  exists,  as,  for  example,  tho  pressure  of  tho 
gas  surrounding  the  body,  this  must  also  be  overcome.  The 
ouergy  (heat  or  work)  required  to  expand  the  body  performs, 
ihereforo,  also  external  icork.  Tf  the  body  is  again  brought 
into  iti<  original  ctmdition,  it  will  give  ont  tlie  entire  amonnt  of 
heat  which  was  consumed  in  both  the  internal  and  the  external 
work,  in  the  performance  of  which  heat  originally  dlwppeared. 
On  continued  beating  of  a  itolid,  the  aggregation  of  its 
molecutos  growg  less  and  less  compact.  The  moloculee  separate 
and  their  distances  reach,  tinally,  the  narrow  limits  within 
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whirb  molecular  forces  are  opemtive.  Coliesiun  is  no  longer 
strong  enoQgh  tu  bring  the  multsenlM  li<u:k  into  theit  ori^iuJ 
puoitioos  of  cquilibniuu.  Tboy  uLaudou,  then,  tlieir  former 
pUoee  an<l  take  on  n  tranalatory  motioD,  mi.wiu{;  upon  and  dig- 
planing  eacK  other,  nithout  wholly  He{iaratiu<^,  tlieir  mntnul 
attrartionit  having  been  greatly  nealcuued.  The  btxly  then 
])tui»e!t  iutu  a  liquid  wuflitiim.  ur  it  melts.  After  the  meltin^ 
fKpittt  haa  bcou  rcat-hod,  no  further  heat  apjitied  frdiii  nithoiit 
is  consumed  iu  raising  the  tompentture.  but  it  is  used  in 
performiug  the  internal  work  of  overoominf;  the  forceii  which 
formerly  held,  the  moletiulett  in  etgnilibriuiD.  This  beat 
performed  upuu  intvrniil  work  and.  therefore,  luat  to  perception, 
is  the  latent  heat  of  melting.  .\il  tbi«  internal  work,  when  tb6 
Iwily  solidiiied,  iiiu^t  rcupjH.-or  in  the  form  of  heat,  or.  in  the 
language  of  the  emission  theory,  the  heat  "  bound  "  in  melting 
is  again  liberated  in  freezing. 

On  the  free  ^tirlsce  of  the  liijuid,  thuoe  molecules,  lying 
beyond  the  limits  of  the  spbeiwt  of  atrtiuu  of  thuir  ueighbuuni, 
are  no  longer  drawn  back  by  tbem.  They  lly  otT  rectilinearly 
into  the  epAce  alxt^e  tlw  lifjuid  nith  the  vclot^ilies  they  passenn 
at  the  instant  they  triiUDgrcssc«l  those  limits.  These  molinmlee, 
freed  from  the  bonils  of  cohesion  and  flying  hither  and  tbitbor, 
are  now  iu  a  gaseoiut  condition  and  form  the  vapour  dcTolopod 
from  the  litjuid.  This  vaporization,  viz.  the  releasing  and 
Hying  off  of  sciwrale  raolec-nles  from  the  surface  of  the  liquid, 
oLvim  at  nil  tum[M;niliires,  but  of  coorse  in  gieftter  (jnantities 
the  iiigher  tbe  IcaijiorBture  of  the  liquid,  «.c.  the  more  rigorutu 
Ibe  motion  of  the  moloculc«.  The  pressure  of  a  vapour  is 
produced  by  the  im|tact  of  the  Hying  niolcoiilcs  aguinst  tbe 
wnlls  of  the  (containing  Tos&el,  nhence  they  ore  letletTted  after 
the  manner  uf  elastic  balU.  On  returning  to  tbe  snrfiive  oi  tbe 
liquid  the  molex^tdui^  nre  either  reflected  frnm  it,  nr  held  down 
and  iucurjjuiuted  uguin  with  tbe  liquid,  aocurdiug  us  tbe 
kinatii;  energy  at  the  place  of  imiiact  is  greater  or  leas  than 
the  eobeeive  forre  wi  the  molecules.  In  an  enclosed  space, 
therefore,  tbe  number  uf  moletndes  of  vapour  will  increase 
until,  within  a  given  time,  as  many  moteculeit  return  to  the 
BiLrfitce  of  the  liquid  tu  leuve  it.    Tbe  ntationary  ctmditiun  uf 
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eaturation,  or  the  iii&ximuin  uf  teusiun.  is  tbsn  reached.  Any 
otiier  gas  which  may  perchance  he  present  canaol,  of  course, 
ioterfere  with  tbia  process  ( I >altuu's  Ian). 

ISiiice  <hLriu<;;  evaporatiuu  thcte  molecules  which  happen  to 
possess  the  p^atest  velocity  are  the  ones  which  fly  off,  the 
arera<^  kinotii?  eiierf,'y  of  the  remaining  moleenlea  inuet  Iw 
luiuf.  1.8.  the  vaiMiiiziii;^  Utjiiid  couls  (cold  of  evaporation),  if  the 
loss  of  energy  \*  nut  replaced  by  heat  from  without.  On 
the  inlerior  uf  the  lit|uid  vapour  can  nrise  only  after  the 
motioit  of  the  molecules  has  become  so  viji^oroiis  that  their 
tendency  to  fly  off  exceeds  the  pressure  of  tho  licjuid  plus  the 
preitduce  of  tho  nii  roetiug  upou  it.  If  the  lemporalurc  re<]aired 
for  this,  t.e.  the  boiling  point,  is  reached,  the  liquid  is  rapidly 
«U)«1  vi<dently  converted  into  vapour.  It  bjils,  since  all 
estornal  lioat  i»  consumed  in  internal  work,  viz.  in  tearing 
asunder  the  last  bonds  uf  cohesion,  as  boat  ui  vapoiization, 
or,  OS  it  was  the  ciLstom  to  say  formerly,  tho  heat  is  all  hound. 
From  thiK  it  fuUowH  that  the  boiling  point  of  the  liijuid  niuat 
he  lower  the  smaller  tho  pressure  u]h)u  it. 

129.  Kinetic  Theory  of  Oasss. — Wo  nre  thun  led  to  that 
view  of  the  mulcciJar  cuu»titulion  of  ^luios,  which  is  kuown  ua 
the  meehanieal,  or  ftnKfiV  theory  of  gases  (Daniel  BornouUi, 
1738;  Krtpnig,  18')() :  (."lausiiug.  1S57).  Aooording  to  this 
view,  all  the  molecules  of  a  gas  are  in  rapid  rectilinear  motion. 
They  fly  about  in  all  possible  directionii  through  space,  and 
traverse  spirally-ciirved,  KigKug  juithn,  continually  rebuuudin;; 
from  each  other  uud  from  obstructions  to  thoii  luovemuuts,  like 
elastic  halls.  All  knowo  properties  of  gasos  may  be  explained 
OD  the  assumption  just  made  of  tho  motion  of  their  molecules. 
The  pressure  exerted  agaimst  Lbo  walls  by  a  gas  eoutained  in 
a  (denied  vesiiul  ii4  produ^.'ed  by  the  incessant  impacts  uf  the 
rapidly  moving  uioleculoM  of  the  gas.  8inrc  thoso  im^ucts 
during  Hhurt  intervals  of  lime  uccur  in  all  direction^  from 
their  oozahined  eSect  there  will  result  a  perpendicular  pressure 
whose  mftgnitude  is  proportional  to  the  energy  of  the  colliding 
molocules,  and,  aeourdingly,  iucreoKes  in  the  ratio  of  this 
energy,  ijt.  proportionally  to  the  increase  of  tem]5erature  (Gay- 
Lobbk's  law).     If  the  conliucd  gas  is  compressed  without 
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change  of  temperature  to  J,  ^,  etc.,  of  its  initial  volume  during 
tbo  Kiuno  time,  and  uiwn  ei[Ual  Hii]ierli(ual  ureiui  of  the  wall, 
twice,  thrioc,  etc.,  an  many  molecules  niU  impinge  vrith  the 
sonie  energ^y  as  before.  The  pressure,  or  tension,  will,  therefore, 
have  double,  threefold,  etc.,  its  initial  value.  We  arrive  thus  at 
Jlariotte's  law :  Me  presmre  of  a  gas  varies  inver.ifify  as  its  votitme. 

Let  us  now  coti-sitler  etpial  vtilnmes  of  flificrent  gaKes  under 
the  same  tomporatnre  and  pressnre.  That  the  tem^Kinitures 
are  equal  siguitics  merely  that  the  itauie  energy  resides  in  their 
molecules,  or  that  each  molecule  of  the  one  gas  8trike3  the 
vessel  nail  nilh  the  same  violeiiec  tut  eaeh  molecule  of  the 
other.  The  pressure  of  all  gases  being  the  same,  it  i.s  evident 
that,  with  ua<!h  ga,s  the  vmnv  niimlier  of  molecules  xttikc 
against  the  unit  of  Hurface  tliiring  the  unit  of  time.  We 
arrive  thus  at  AvogudruH  law,  that  tcith  the  name  pretiure  and 
temperature,  the  samt'  nuittber  of  'nolecuki  ii  eoiUaiiMd  in  th4 
same  volume  of  diirh'ent  gaMs.  The  molecular  weights  of 
gasea  are  couKecpieiitly  as  the  weight!*  of  equal  volumes  of 
them,  or  m  their  specific  gravities. 

At  the  jjoint  where  the  wall  of  the  containing  vessel  inter- 
I»o«es  itself  Wfore  the  molecules  of  the  gas,  these  moleculeai,  by 
virtue  of  the  energy  with  which  they  strike,  osort  a  pressure 
npon  the  wall.  Whore  those  partit'Ie;;  find  an  orilitNj,  however, 
they  pass  out.  The  velocity  of  ofilu.'c,  or  the  effusion  through 
narrow  orifices,  is  merely  the  velocity  of  the  niolecnles  flying 
ontwanJ.  The  energy  of  the  molecular  motions  which  gives 
rtae  to  the  ptcesure  upon  the  walb  of  the  vessel  i.s,  however, 
pioportional  to  the  product  of  the  mass  of  the  molecule,  or 
of  the  molecular  weight,  into  the  S'juaro  of  the  velocity.  If, 
therefore,  two  gases  exert  equal  pressures,  the  products  of  their 
molecular  weight*,  or  what,  according  to  Avogadro's  law,  is  the 
same  thing,  of  their  specific  gravities,  by  ihe  a(|uares  of  their 
velocities,  must  be  e4j[iml.  If,  therefore,  diiFerent  gases  flow 
outward  under  the  same  pressure,  the  squares  of  their  velocities 
of  efHux  will  be  inversely  as  their  3pecific  gravities  (50). 

When  a  gnH  is  heiitt>d  without  change  of  volume,  i.e.  while 
it  remains  in  a  closed  vessel  of  constant  volume,  the  external 
heat  has  to  perform  neither  external  nor  internal  work,  because 
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neither  the  external  pressure  uor  the  I'esiKting  molecular  foreflti 
have  ta  be  even^ime.  in  this  case,  therefore,  all  external  heat 
is  applied  iu  raisin;;  the  teniiieratiire,  i.s,  in  iDcrea«ing  the 
molDcuIar  energy  of  the  boUy,  But  when  the  hoated  gas  la 
permitte^L  tn  expnnil,  tliiis  keeping  ititolf  in  equilibrium  with 
the  fixe<l  extenial  pressure,  as  in  the  former  case,  nn  internal 
work  has  to  be  performetl.  On  tlie  cuotrary,  a  portion  of  th« 
external  hcjit  \»  Km\n\\n\e<\  in  external  work,  ix.  in  ovorcnming 
the  external  presBnrn.  The  amount  of  heat  reqiiireil  to  warm 
1  kg.  of  gas  under  these  oircumatances,  or  the  specific  boat 
with  constant  jvosantL-  must  a';«.'')rdingly  bo  greater  than  that 
with  constant  roliimo,  l)oeanso  in  it  is  oontained  a  quantity 
of  heat  unngnmed  in  external  work  which  equals  the  difierenra 
of  the  two  spe<^i(ip  b4'at».     Since  now  the  work  required  1-) 

■  heat  the  expanding  gas  by  V  C.  is  known,  the  work  jwrformed 
by  one  thennal  unit,  or  the  mechanical  eqiiivaJent  of  heat,  is 
eafily  derived.     In  thiji  wav  Jlobort  Mayor,  the  founder  of  the 

1  mechanical  theory  of  hefll.  detoniiined  first  the  mechanical 
equivftlent.  If  the  gas  which  hat^  been  expanded  by  heat  \* 
again  romproRscd  to  its  original  vciliime,  the  qnantity  of  heat 
conanmod  in  its  expansion  and  transformed  into  work  is  again 
liberated  in  tho  form  of  sensible  Ikeat 
The  following  is  KoImti  .Mayc-r's  computation.  One  kilt>- 
grani  of  air  at  0"  and  TtiO  mm.  pressure,  occu]>ie8  a  space  of 
(^TTS  cubic  motans.  In  a  cylinder  of  1  square  meter  crosa- 
qMlion  and  clusc^d  by  a  mo^-ahle  piKtun,  this  mass  of  air 
tepanded  when  heated  1°  by  ...|,.i  of  its  volume,  and  pushed 
the  piston  against  which  an  external  atmospheric  prewiure  of 

11*033  kg.  per  sq.  cm.  rcrite<l — and  therefore  upon  the  entire 
piston  a  pressure  of  1U,3;10  kg.— by  ;j_«  ni,  backwards.  For 
^.  ,  .  ^  ,  .  .  /losau.o-TTaw 
th«  work  here  jwrformeil  amtmutmg  tn  I y=.j- lkgiD.,a 
qnutttty  of  heat  was  consumed  cqaal  to  tho  difference  of  tlie 
two  specific  heats  (121).  therefore  cqnal  to  'V06VI  thermal  units. 
The  work  of  1  thermal  unit  then  eqiuils  (1003^). 0-773) ; 
(273.0-069)  e<)ita1s  4:M  kgm. 

To  beat  different  gases  by  equal  amounts.  e.g.  by  1°  C,  the 
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eoATgy  of  motion  of  their  n)oler>aIe<:  must  Iw  inoreosed  by 
eq^iui  amonntH,  i^  tli«  mnlecnleii  of  all  gaaea  reqajre  equal 
quantities  of  heat  t^)  thvk^  their  temperature  hj  eqnal  amonntjt. 
(The  quaDttties  of  beat  re<iiiinMl  to  warm  tho  mi»lecular 
weights  through  cqaal  interrals  are  equal)  iSiiice,  accordinfr 
to  Avogadro'ei  law,  all  gnses  «>antaiii  in  eijOHl  sjmoefi  lui  equal 
number  of  innlepiile?,  and  ooiiNflqiieiilly  the  nicileniliir  weights 
are  t*>  coc^h  other  as  the  weights  of  e<|ijal  Tohiines  (or  as  the 
spc«^'ili»  gravities),  it  may  also  he  iinii]  that  oquat  vohimps 
of  dilTercnt  gason  require  ci|iial  <(iiaiititi(in  of  heat  for  eqnal 
elerationg  of  tomporaturo.  The  spe<-ili(i  heats  of  gases,  tA  the 
ijuanlities  of  heat  requireil  tn  warm  1  Ug.  of  each  by  l"  C, 
are  to  oacYi  otbcT  inversely  as  their  nioleciilnr  weights,  or 
ttit  their  sperrific  gravities.  This  law  was  tlerivwl  on  the 
a!<;iiiraption  that  the  external  heat  ha-s  to  j>erform  no  internal 
work.  It  is,  therefore.  rigor(m«ly  coneet  unly  for  iierfoct,  or 
ideal,  gases.  It  is  very  nearly  true  for  air,  oxygen,  nitrogen, 
hydrogen,  carlinnir  oxkIp.  and  nitric  oxide  (cf,  V24). 

130.  Second  Proposition  of  tlie  Mechanical  Theory  of  Heat — 
Entropy. — Heat  can  be  tmnsfnrmed  into  tueclmnir-al  work  (ilj^. 
by  mcttns  of  tho  «t«am-cngine)  only  when  an  excbang"  of  heat 
t"rom  a  bcxly  of  higher  temperature  (from  vapour)  to  one  of 
lower  tempemturp  (cold  water)  o«n?iirs.  Sadi  Carnot  |1S24|  per- 
ceived the  aiiah^y  lM>tween  the  meohau ical  {verformanee  of  heat 
and  that  of  running  water,  which  likewise  [>erf(irm)4  work  only 
when  it  siuk.s  from  a  higher  to  a  lower  level.  He  aj«nmcd  that 
both  heat  and  water  sink  without  diminution  of  energy  from  one 
level  to  another.  Clausius  ( 1 850)  showed,  on  the  contrary,  that, 
(Kvording  to  the  proposition  of  the  equivalency  of  heal  and  wurk, 
a  {wrtion  of  the  heat  distappean^  as  lioat  in  the  |wrlbmianee  of 
H  qnaotity  of  work  equivalent  to  it,  while  the  other  part  of  the 
external  applied  heat  ]«A<(e!i  as  such  iutu  thu  ctHtler  lM>dy.  lie 
then  propounde't  the  »ec^md  propoctitiou  of  the  mechanical 
theory  of  heat,  viz.  that  heat  can  never  of  itself  pa^  (i>.  with- 
out a  corresponding  i>on?uniption  of  some  other  form  nf  energy) 
from  a  colder  into  a  warmer  body.  While  inechnnical  work  ran 
be  easily  and  oompletoly  converted  into  heat  by  frietion,  impact, 
etc.,  it  is  iuipussible  to  retransfomi  the  entire  ijuantity  of  heat 
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nr^iD  into  work.  Id  tfai»i  Intter  [trocoiM  lie«t  is  belnf^canlniiutlly 
transmitted  to  cooler  surrounding  bodiex.  The  resnlt  of  thin 
is  tluit  ihf!  entire  fiuaiility  of  ii]0(;linni<-al  onergj'  rontainwl  in 
tiio  nlioln  iiniverno  [inHsbs  frum  i)ay  to  ilay  ninrp  and  more  inl^i 
facmt,  wbiirb  is  diKtributod  iu  all  (lirctitions,  and  tendit  gisdiially 
to  oqualizo  the  present  ditTcronces  of  tomperatnro.  WiUiani 
Thompaoii  (IJiSI)  eallcd  thi^  process  dignpaiioit,  or  (l^radatioa 
of  energy.  The  snm-totRl  of  tbe  energy  «t  present  in  the 
nnivernc  may  then  be  conveniently  divided  into  two  pArts,  one 
nf  which,  ns  hent  nf  hi(^her  temjK.THtnro  and  an  mechnnical, 
*:bomic&l,  elur.triiial,  etc.,  ia  still  purtially  <»>uvdttiblo  iutir  hoAt ; 
but  tbo  other,  already  transformed  into  beat,  and  collected  in 
i^lder  bodies,  is  irrecoverably  lost  fnr  purposes  of  work.  Tbia 
latter  portion,  whieh  Ulaiisiiis  (.wiled  '■  Kntrnpy,"  increases  in- 
ressantly  at  the  expense  of  the  former,  or,  as  Clansiiis  expreasos 
it,  "  lite  entropy  of  tht\  ^nivcrte  atrivr*  ever  toward  a  maximuvk." 
If  after  an  inconcot^'nbly  long  interval  of  time  this  maximum 
fihould  bo  attained,  still  tbo  energy  origianlly  prefteat  in  tbe 
universe  would  not  be  lost,  but  would  be  distributed  iinifonnly 
throughonl  the  nniverso  ui  the  form  nf  heRt.  Difierenws  of 
tem {leratjire  would  then  no  longer  exist, 
and  the  fundamental  condition  for  the 
tranafunnation  of  beat  into  other  fornui 
i>f  energy  would  then  be  wanting.  All 
lueeliaiiieal  motions  would  then  ncoen- 
oarily  cetise,  and  eosmtc  procea8a4  would 
have  reached  an  end. 

131.  Steam-Enyine. — The  steam-engine 
oilers  the  most  im|)ortuiit  vxample  of  the 
transference  of  heat  into  work,  or  int') 
the  energy  of  motion.  Its  most  essoutial 
jiart  IK  lbeeyIiiidBr(Fig.  125),  in  whieb  a 
.tieam-tight.  piston  movas  back  and  forth, 
«cx;onling  as  the  ttteam  (heated  nulur  vapour  i%  oalled  ateam)  is 
admitted  in  front  of  or  Irehind  the  piston.  .\  suitable  admission 
of  tbe  steam  to  tbu  oiio  »ido,  or  the  other,  of  the  piston  is  arcom- 
plished  natomatically  by  means  of  the  valve  motion.  At  the  side 
of  the  cylinder  is  a  chamber  (to  the  right  in  the  figure),  into 
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vhich  steam  enters  I'mm  t.bo  hniler,  in  the  direction  of  the  Xovor 
arrow.  Throu^iifa  one  wall  of  tlie  chiimi»er  three  canals  upon,  the 
two  otiter  of  which  lead  toward  the  onda  of  the  cylinder,  while 
the  third  ifl  »>  arranged  that  the  steam,  aftt:T  having  performed 
ltd  work,  jmsses  out  of  the  cylinder  through  it  into  the  tul>e 
visible  at  the  left.  Aloog  this  wall  nf  the  rhamber  a  hollow 
cup-ithaped  slide  moves,  which,  when  in  thi>  poKition  (shoint  in 
the  cnt.  allows  the  steam  to  pflM  from  the  e'bambcr  (Kt  cam -chest) 
through  tlie  npper  c«nal  into  the  cylinder  behind  the  piston, 
while  the  Hteam  from  tho  previous  stroke  of  the  piston  pasaos 
through  the  lower  i?anal  into  the  hnlhiwof  tho  slide,  and  thenoe, 
by  way  t>f  the  middle  canal,  into  the  exhaust  pipe.  ^Vfter  the 
piston  lias  reached  the  other  end  of  the  cylinder,  the  slide  has 
beeo  carried  npwarl  hy  the  valve  ro<l  in  such  way  that  the  lower 
canal  communicates  nith  the  steam-chest,  and  the  tipper  canal 
with  the  hollow  of  tho  slide,  Tho  proper  working  of  the  slide  is 
etrB(>te<l  by  tho  engine  through  the  aid  of  an  eccentric  disk  fixed 
rigidly  to  the  shaft  of  the  drive-wheel.  If  the  slide  is  so  arranged 
OS  to  cut  oH'  admission  of  the  steam  into  the  cylinder,  before  the 
piston  has  rea-^he'l  the  end  of  its  travel,  the  expansion  of  tho 
contined  i;team  still  portbrms  work  against  tbu  piston,  and  at 
tho  same  time  nools  in  eonsequence  of  \Xa  expatision.  Kngines 
uf  thiti  Horl  are  called  rxpansiwi  engineB.  The  steam  es^Aping 
outward,  through  the  hollow  of  the  slide,  haM  a  lower  tension 
than  that  entering  from  the  steam-chest,  and  the  piston  is  dri%'en 
by  virtue  t'f  tho  difforenoe  of  tension.  With  engines  whicli  work 
at  a  low  ttteam-prcAsure  but  little  above  tho  tonjiion  of  one 
atmosphere  (Ion-pressure  engines),  it  ir  the  enstom  to  pass  the 
.■KOiping  steam  into  a  chamber  surrounded  wiih  cold  water, called 
(hi  atadetuer,  in  whirh  the  steam  condeu.W!i  in  greater  part  on 
L-ooUng,  and,  accordingly,  its  tension  is  rcducad  to  that  oorre- 
sponding  to  the  teuijx>ratiire  <if  the  <»udeni*er.  If.  on  the  con- 
trary, us  with  high-pivssnro  engines  the  steam  \s  albm-ed  to 
escape  directly  into  the  air,  so  that  upon  one  side  of  the  piston 
the  presjiiire  of  one  atmosphere  always  exists,  the  working  8tc«m 
miisi  then  have  a  pressure  of  fi%-e  to  eight  atmospheres.  Since 
high-pressure  engines  rtx^uire  neither  condensers  unr  pumps  to 
maiutoiD  a  supply  of  cool  trater,  and  are  for  this  reason  much 
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more  simply  constructed  than  low-pressure  engines,  they  are 
used  where  economy  of  space  is  of  especial  importance,  or  where 
cool  water  is  not  available,  as  with  locomotives.  The  motion 
of  the  piston  to  and  fro  is  converted  into  a  rotatory  motion 
by  attaching  to  a  crank  a  so-called  connecting-rod,  which 
communicates  with  the  piston-rod  by  means  of  a  joint  This 
mechanism  turns  a  shaft  which  is  rigidly  connected  with  the 
drive-wheel.  When  the  engine  is  in  operation  a  part  of  the 
heat  applied  to  the  boiler  is  absorbed  by  the  cold  water  and  by 
sanonnding  objects.  Another  part  is  transformed  into  work, 
and  disappears  as  heat.  The  quantity  of  heat  lost,  as  Him 
has  proved  by  an  extended  series  of  experiments  with  steam- 
engines  (cf.  127),  is  equivalent  to  the  work  performed ;  but  if 
the  water  is  vaporized  in  an  open  vessel  without  performing 
work,  the  entire  quantity  of  heat  applied  is  transmitted  to  the 
cooler  environment 


i 


888 


EXPEHLVESTAL   PBYB10&. 


VI.  MAGNETlSiT. 


132.  M&^ettam. — Many  |)iuc«B  of  iron  ore  found  in  nature, 
i.e.  magnetic  iron  r>ro,  or  magnetite,  cttllcd  also  magndie  oxids 
of  iron,  t'cjOu  possess  ihe  proj>erty  of  attwcUng  aaid  holding 
]>ieces  uf  iron.  This  property  in  called  tnaffitetism,  and  a  piece 
iif  iron  ore  whicli  pofiBesses  il  u  ealled  a  nalural  magnet.  By 
lomihing,  or  striking,  a  piece  of  iron  » ilh  a  magnet,  magnetigni 
inay  be  transferred  temporarily  to  the  iron ;  if  steel  is  used,  the 
iiiagnetism  prudiK-ed  in  it  Is  jicniiAnent.  Artificial  iua«:tieta  arc 
made  io  this  way,  aud  the  procesa  ik  c-alled.  magwtisation.  If 
a  steel  bar,  after  having  been  magnetized,  is  Lesprlukled  with 
inm  filiugii,  they  remaiu  sticking  iu  bushes,  or  tiifto,  iniite 
ihii^kly  at  the  euds,  and  grailually  beixnuing  less  tiumeroiis 
toward  the  middle,  while  just  at  the  middle  no  filiugti  at  all 
adhere  to  the  bar.  The  two  points  near  the  ends  toward  whit^h 
the  forcetj  of  attraction  are  directe«l  are  called  the  ]><Ae&.  The 
middle,  where  »o  attrautiun  occurs,  is  called  the  equator  of  the 
ma^iet,  also  the  neutral,  or  the  indifferent  region.  The  line 
«onneoting  the  poles  la,  called  the  magnetic  (ixm. 

If  a  magnetized  iron  bar  is  suspended  by  a  silk  thread  attached 
at  the  middle  so  as  to  tarn  iu  a  horizontal  plane,  Its  axis  assumes 
a  direction  deriatiog  inconsiderably  from  a  north  and  south  lino 
[tlxo  gtographi/ral  meridian}.  This  behaviour  of  the  magnet  is  due 
t«i  the  eifect  exerted  upon  it  by  the  earth.  That  jM>le  which 
always  tum.s  txiward  tlie  north  is  calletl  the  nurlh  pule,  and  the 
other  the  muth  pole.  The  oud  uf  the  maguelic  uecdle  pointed 
to  the  north  ix  also  souielinies  called  the  marked  end,  or  the  red 
foie,  of  the  D««dle,  and,  iu  oontradistiuctioo,  the  other  is  called 
the  unmarked  end,  or  the  blue  pde  of  the  needle.  If  a  second 
luaguet  be  brought  near  the  sus|iended  bar,  the  north  and  south 
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|Kile!)  uuLiiiieat  ujijiosite  teiMleriei&t  ol'  rfuch  sort  that  lito!  ft^eu 
rtpd  und  unliJce  poles  aUraei  each  oOiei; 

133.  Molecular  KagneU.— If  n  maj^et  is  brulteo  in  two  in  tlio 
uiiildlu  (ejj.  a  mujjiiciizt^l  kiiiltiii;i-iioecll(:),  each  piece  will  be 
found  tutbrma  pi-rlVvt  nmgnet  wilh  two  ojiposite  poles, two  poles 
aiiaing  at  the  seftioii  nl"  freclurc,  ctwli  of  wliich  is  the  oppoeite 
of  that  of  the  correspouding  portion  of  the  newtle.  However 
far  tbU  sitbdiviRion  may  be  contionetl,  oach  piece  of  the  magnet, 
no  matter  linw  small,  iit  nln-avK  foutirl  to  lie  a  jierfect  magnet 
with  two  ctjiiully  strong  {Kile^.  ThiH  Iwhavionr  ju.stifles  the 
uMumptiuu  that  uvcn*  molecule  of  a  magnet  is  itself  a  ma^et 
with  two  opposite  [>iile5,  r^illuij  a  "  laulei^nlar  ma^et."  This 
essumptiou  ui  ti')wise  i-ontravoned  th«  fact  that  the  magnetic 
property  is  exhibited  only  at  the  ends  of  a  magnetic  bar;  on 
ihe  cuntrwy,  it  acr;nunti^  for  this  fact  !tattHfaotorily.  If,  for 
dimplicity,  wo  imagiue  u  Klend<T  magnetic  bar  to  consist  of  a 
single  row  of  luolociilar  magnets,  with  like  pole«  all  turned 
in  the  same  direction,  we  hIioII  have  everywhere,  throiif»hout 
the  length  of  the  bar,  two  opposite  pulcd  of  the  adjacent  inaguets 
lying  together,  whose  attra<;tiou  and  repulsion  mutually  defttn>y 
aatih  other,  llenoe  it  i»t  oulv  at  the  ends  of  the  bar,  where 
[he  free  ]H>le8  of  the  extreme  mulecnie^  are  operative,  that  any 
o8(M:t  will  be  ap]mrent. 

13i.  Kagnettc  lofluMioe,  or  Induction — Coeroive  Fox«« — 
Satoratioa. — if  the  nt.irtli  |K<Ie  ut'  a  magnet  be  brought  noar  a 
piece  of  4i»ft  irtHi,  the  latter  imine<liately  bocome-s  a  magnet,  the 
nearer  end  becoming  a  «uuth,  and  the  other  a  north,  pole.  The 
latter  is  now  abo  capable  of  attracting  a  second,  this  a  third, 
etc,  piece  of  irou.  The  iron  U  attracted  by  the  magnet,  because 
under  the  magnet's  iiiflnence  it  is  converted  into  a  magnet, 
which  turna  it«  o]tpogile  pole  to  the  )K>te  of  the  nmgnet  to 
which  it  is  appEoache'l  This  inHuence  is  calleil  indwtion. 
The  magnetism  of  Mift  iron  qiiiokly  di^uippears,  and  the  particles 
of  iron  borne  by  it  fall  off  almost  as  soon  aa  the  inducing 
niaguetic  |Hile  is  rem<iTed,  or.  iu  general,  an  soon  aa  the  mague- 
tixing  lurce  cea.sea  to  act.  Sleel  acts  differently.  It  ia  not  so 
eaaily  magnetized  ax  soft  inm  ;  but  when,  after  continue<i  appli- 
cation of  the  magnet,  it  has  once  a^-ipiired  the  magnetic  proi»rty, 
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it  will  ret&iu  UiU  pn>pert}'.  even  after  the  mWtan'-e  has  been 
token  from  uuder  the  inSuence  of  the  magDetizing  fon«.  The 
f<«oe  <nth  which  stoei  tesista  magmelizatioo  is  known  a^  fotrcite 
foros.  It  i$  preate«t  with  the  bftrde^t  and  briltlest  rteel. 
Atmeeling  rednces  it,  and  un  healing'  to  reilness  and  gradoally 
■■coling  it  bm^imet  as  weak  as  with  itoft  imn. 

Tu  explain  the  phenumcua  nf  magnetic  induction,  it  in 
atssiuned  that  ereiy  nmuaguetized  [Muiide  of  irun,  or  st«el, 
(xmaisU  of  t«ady-made  molecular  magueti^  which  aie  so 
iireg:uUrly  dispomd,  that  toward  any  i;iveii  direction  as  umav 
north  as  »ath  poles  are  turned,  and  therefore  that  the  attract- 
ing and  repelling  effects  mutnally  'IpKtniy  earh  uther.  On 
Ininging  a  ma^  of  (uuuagnettzed  !iti)BitanL>e  near  a  magnetic 
pole,  these  molecular  magnets  roui«  about  their  centres  of 
giarity  in  such  way  wi  to  turn  their  unlike  |Hite«  toward  the 
indutring  magnetic  pule.  Ity  meatu  of  this  orderly  amuigemeDt 
of  the  majority,  if  not  of  all,  of  the  molcrular  magnets,  a  piece 
of  iroa,  or  steel,  is  eonreried  into  an  cxtemaity  active  magnet. 
While  in  eteel  the  molecules  oppose  to  the  r^ation,  a  cod- 
itideiuble  re^i^tauee  (the  coercive  /arrt)  analogous  to  Irietion : 
tin  the  uther  hand,  they  maintain  their  oirlerly  arrangement 
with  equal  peniistency.  Molecules  of  soft  iron,  however,  retorn 

readily  to  their  former  dis- 
onlerly  arrangement  afler 
havitig  t>cca  drawn  out  of 
thi»  condition  by  indnctire 
articm.  A  piece  of  iron,  or 
steel,  can  be  magnetized  only 
to  a  certain  degree,  i*.  to 
mtmr^titm,  which  mmtitioo  is 
attai&ed  when  al)  the  eaole- 
nlar  OMgnets  are  directed  iu 
the  MBe  sense. 

.m.^^    .^  Keepw  —  Wtuic    Power    or 

PoitatiTe  !«••— The  mart  okM  fotm*  •» :  the  right  patallelo- 
ptped,  oc  cylindrical  magnetic  Ut :  tke  BM«:ttetie  needle  (Fig. 
126).  a  ilat  strip  of  maguetiie*!  Pteel  whiA  ordinarily  has  the 


MACtKETlSM. 


S«l 


,/ 


iorm  of  a  slender  rhotubiu  aud  iu  the  middle  is  provided  with 
&  small  ngBte  sorkot.  Tlie  lattor  rendeni  the  ueedle  easily 
movabld  about  a  steel  point  nhicli  fits  into  it.  The  tliird  Jbnii 
10  the  barse-«iioe  magnet,  whose  (loles  liu  lnjsida  i-'i«;h  other  iu 
EUeb  way  aa  to  enable  them  to  act  siiniiUuueoutily  mid  con- 
eorrcutly.  A  piece  of  9uft  iron  is  tisiially  kept  against  the 
poles.  By  the  iudiwm^'  wtimi  of  the  mngnet, 
tliis  iron  is  in  turn  converted  into  a  ma^^et 
with  its  poles  lyiug  upon  the  ojipuiiite  polei  of 
ihe  boree-shoe  maguet.  This  bar  of  soft  iron 
ia  (tailed  the  keeper,  or  armalvre  (Fig.  127.  mm). 
•Since,  in  tbrmiuf^  the  south  pole  of  the  armature, 
both  poles  of  the  magnet  eoutrihute,  iUi  magne- 
tization is  stronger  than  it  would  have  Ixten  if  it 
had  been  touched  by  but  s  single  pole.  As  each 
pole  of  the  armature  strives  to  keep  the  molecules 
of  the  magnet  directed  toward  it,  the  armature 
assists  the  magnet  in  holding  ita  strength. 

Ivftrget  niiigneta,  for  more  thorough  magneti-    Fio. I27^Hiwm- 
xfttion,  are  made  of  ii  numl^er  of  t«ingle  horse-     w't'liArmatort. 
aljoe  steel  magnets,  with  like  poles  placed  be- 
side each  other  and  stTcwed  togutlier.    Such  a  compound  magnet 
(Fig.  127)  is  calletl  a  magnttia  moffosine  (pUUe  magnet). 

The  lifting  power,  or  porlative  force  of  a  magnet,  t««t«<l  by 
loading  the  armature  with  plates,  intn-cases  much  more  gradnallj 
than  with  the  mass  of  the  magnet.  According  to  Hreckcr  (1842) 
tiiiti  porlative  force  is  proportional  to  the  two-thirds  power  of 
the  weight  uf  the  magnet.  While  a  magnet  weighing  60  g. 
earries  25  times  its  weight,  one  of  fiO  kg.  cannot  carry  9  times 
ita  weight,  uud  one  uf  JUUU  kg.  is  scarcely  able  to  («rry  it.s  on-n 
weight. 

136.  Methods  of  Kaguetiz&tion. — On  account  of  the  great 
coercive  force  of  Hteel,  uieru  contact  with  a  magnet  is  not 
siifKciont  to  produce  Htroug  uiagneti^tion.  Various  methoils 
otatrokdng  are  therefore  iu  vogue,  e.p.  beginning  in  the  middle 
of  the  magnet,  one  end  of  the  bar,  or  of  the  horee^huc  magnet 
to  be  magnetized,  is  moved  ten  or  twenty  timeo  over  the  north 

B,  while  the  other  end  is  raovo<l  the  same  number  of  times 
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oret  the  south  pole  of  a  ponerfnl  magnet.  Of  omiise  the  eml 
which  is  strokeil  by  tho  iinrth  [wle  of  ibe  magnet  become!*  n, 
fHiiith  pol<?.  nnd  convei'sely.  The  vsriinw  artifii-ial  niethoriB  of 
touch  which  were  (IpvIsciI  tu  magnetize  »teci  to  saturotion  have 
practically  liwt  thoir  value,  for,  since  the  discovety  of  electro- 
luagnetUm.  greater  inequalitiefl  of  magnetizing  force  &To  now 
HrailRl)le  than  wa^i  the  ease  formerly- 

1S7.  Terrestrtal  Hagnetiim. — On  hangings  bar  magnet  some 
«lUtauce  abiive  a  magnetic  nceille,  in  the  position  it  B«nime!t 
under  the  initnence  of  the  earth,  the  hnr  will  assume  a  pottition 
parallel  to  the  needle,  and  both  liar  and  needle  will  tnm  their 
north  poles  to  the  north.  If  the  necdlo  is  drawn  asi<ie  from  its 
position  and  then  allowed  to  swing  Iroely.  it  returns  ({iiickty  to 
its  former  position.  But  if  the  metallic  bar  is  graduaJly 
lowered,  at  a  certain  height  of  the  bar  aho\-o  the  needle  it  will 
be  noticed  that  the  needle  has  Inst  ttA  tendency  to  resume  its 
original  position,  for  if  now  drawn  a«itie  it  does  not  -striTe  W 
resxune  its  I'onuor  position.  Lowering  the  magnetic  bar  still 
farther,  the  needle  will  be  seen  to  reverso  its  portion  and  to 
direct  itH  north  pule  toward  tho  south,  it  Apjieann.  therefore, 
that  the  etIWt  of  the  earth  u|K)n  the  magnetic  needle  may  he 
destroyed  by  a  magnet  situated  at  a  tiuttubic  dLstanre.  W'lien 
this  condition  hua  been  attained,  let  a  magnetic  Imr  with  its  south 
]>o!e  directed  toward  the  north  \?o  brought  near  the  magnetic 
needle,  whereupon  ita  tendency  to  direct  its  north  polo  towar<l 
the  north  returns,  and  at  a  c^>rtaiii  distance  nf  this  sccoml  }>&r 
thix  tendency  attains,  the  same  magnitude,  ax  under  the  effect 
of  the  earth  aJone.  Hence  the  earth  acts  as  a  magnet,  whose 
north  |»le  is  turned  sonthward,  and,  accordingly,  it  may  itself 
l)e  regarded  as  a  huge  magnet  (Cilbert,  IGOO),  wbone  poles  are 
80  remote ttom  the  magnets  with  which  we  experiment,  that  the 
forces  exerted  by  one  of  them  npuu  the  polen  of  a  magnetic 
needle,  are  e(]nal  and  opjiotdte  (couple),  and  are,  therefore,  able 
to  draw  the  needle  iutu  any  detinilo  direction,  bat  are.  of 
course,  inca[iahto  of  producing  a  motion  of  translation  of  the 
magnetic  needle  tnn-ard  the  magnetic  pole  of  tlie  earth 
(terrestrial  magnetism). 

138.  Astatic  Sfstem. — A  magnetic  needle,  which  has  been 
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freed  from  the  effect  of  terrestrial  ma^etism,  by  placing  a 
inagnot  with  like  directed  poles  near  it,  so  that  the  system 
id  free  to  t'i)l]nw  luiy  ituiiiilse  inijHirted  fnim  without,  it*  called 
attatie  (without  deQuite  ilireuliiui).  The  same  ctTeot  w  also 
nht&iiiecl,  by  so  fa«teaing  two  niagutrtio  nee^llew  uf  approxi- 
mately oyual  strengths  (Fig.  128)  one  above  the  uther,  iii 
such  May  that  opposite  pole^  are  like-directed,  aod  this  cutatic 
pair  will  then  swing  with  perfect  freedom. 

189.  Mapietio  Meridian— Beoli nation. — Tho  Tcrtical  plaiie 
thrimgh  the  axis,  ah  (Fig.  I'29),  of  a  magnetic  noodle,  which  is 
movable  in  a  horizontal  plane,  after  the  needle  has  assumed  the 
position  <if  equilibrium  mider  the  influence  uf  terrestrial  mag- 
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iteliBDi,  is  called  the  magi\elie  meridiau.  It  forms,  with  the 
north  and  .sniith  line,  or  with  the  geographiml  meridian,  an 
angle  which  is  called  the  magnotic  djedinoHoni  or  dtvi<sHon 
(Cotambna,  l-l(t*2).  At  different  placea  on  tho  snrfaoe  of  the 
earth,  tho  declination  has  ditVoront  raluog,  and  is  <|p»ignated 
east,  or  west,  according  as  tho  north  end  of  the  needle  demtes 
eastward,  or  westwanl,  from  the  north  and  snuth  line.  In  the 
region  alKiut  Jlunidi,  at  the  lieginning  of  tho  year  189H,  ihe 
dei'linatien  was  west,  while  it  was  cquul  in  Berlin  to  10°'l,  in 
Munich  to  lO^'tf,  in  Paris  to  15'*l,with  an  annual  dcercaaeof  O'-l. 
Tho  declination  chart  (Fig.  130)  fnmishes  an  idea  of  ihe 
nature  of  the  magnetic  deviation  npon  the  snrface  of  the  earth. 
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Oa  this  chart  all  places  of  equal  declinatitm  are  uoimected  by 
curves,  vallml  itogonah  (TTalley,  170C)).  All  isogoiials  run  1i>- 
gelliet  in  two  pointit,  one  oi  wliich  lie8  iu  the  jVrctic  ocean  north 
of  North  jVioerwai,  in  the  ocighbourhuod  ijl'  Melville  peninsula, 
Biiid  the  uthet  in  the  Aiitari!ti«  ncoaii  near  New  Holland.  These 
points  are  regarded  u£  the  mag:QOtic  poles  of  the  earth.  A  line 
of  declination  O"*,  that  is,  a  line  upon  which  the  magnetic 
needle  piiuts  directly  t^manl  the  north,  cuts  off  the  eastern  ]i«rt 
of  Brazil,  ruuii  eautu-ard  uf  the  West  Indieti.  cnjivtiug  North 
America  in  the  neighbourhood  of  Philadelphia  and  trarersiiig 
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Fig.  im-DcyilUilioii  Clibrt  fnr  I^IIO. 

Hudsi^i  hay.  Thence  it  proceedB  through  the  north  magnetie 
pole  of  the  earth,  across  the  WTiite  aJid  Caspian  seas,  cro 
the  Indian  oireaii  weit  of  Hiiidooatan  and  the  Kast  Indies,  and 
tnms  then  toward  New  Hulland,  returning  finally  into  itself  at 
t]ie  aunth  magnetic  jiole  of  the  earth.  Upon  the  Atlantic 
ooean  and  in  Europe  and  ^yrlca,  the  declination  ia  everywhere 
toward  the  weBL  U[ion  the  other  hemispherG,  terminated  by 
the  line  just  traced,  it  is  toward  the  east,  excepting  witltin  a 
limited  region  in  Eastern  Asia,  where  a  second  closed  curve  of 
0°  declination  huM  buuu  truced,  within  which  the  declination  is 
again  westward. 

A  (I««/inome(fl*,  or  de^ination  eompati,  is  an  iustrumeut  for 
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the  measiirenient  of  declinatiuu.  A  auuple  form  of  this  appomttts 

i»  shown  in  Fi^.  131.    AVithin  a  virclo  graduatod  to  degrees, 

a  magnetic  ui^edlH  Kwings  freely  about  a  jioint  iu  a  horizontal 

plane.      A    tulcsi.'ojK]    \» 

attached  to  the  side  of 

the  box,  which   may  be 

rolated  about   a  vorlioal 

axis.     The  axia  of  the 

telescope  lies  parallel  to 

the  diameter  0°-180°  of 

the     graduated      uirtde. 

When   the  apparatus   iji 

so  plaeeil  that  iho  needle 

points  to  0°,  the  axis  of 


Flo.  131.— Declination  Oompua. 
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the  telescope  lies  in  the  magnetic  meridian.  On  the  contrary, 
when  the  teleseopo  is  placed  exactly  in  the  north  ant]  south  Hue, 
the  point  of  the  needle  indicates,  u[hui  the  circle,  the  m^iietie 
deviation.  This  instrument  is  used  iu  survcy- 
ing  aa  a  Bnrvey»ir"s  (.■um|»aj«  for  the  detec- 
miuatJou  of  aiin;lcH.  The  uiagnetie  needle 
indicates  the  angle  which  the  line  of  sight 
makes  with  the  magnetic  meridian. 

The  compaaa  (Chinese.  ^300  H.C.)  need 
by  raariners  to  orient  themselves  at  sea, 
<!onsiata  of  a  maguetie  needle  turning  upon 
a  point.  The  needle  (tarries  a  circular  jiaper 
diak  fixed  to  it,  whose  circumference  is  di- 
Tided  into  thirty-tKo  parity,  begtoning  from 
the  north  [wlo  of  the  needle.  The  iTajwrdisk 
is  called  a  compass  card,  and  the  divisions 
are  called  compaiei  marks.  The  whole  is 
encloeod  within  u  b».\  whic'h  is  susjiended 
apon  gimbals. 

140.  Inolination. — If  a  magnetic  needle,  movable  abont  a 
horizontal  axis  passing  through  its  centre  of  gravity  (Fig.  132). 
is  so  placed  that  '\\&  plane  of  rotation  coincides  with  the 
m^uetic  meridian,  it  inclines  in  the  northern  hemisphere  of 
the  earth  wttli  its  north  pole  downwards,  and  in  the  southern 
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tritfa  ita  Boiith  polo  (lovnwanlK.  The  ii])f;Ie  at  wliii*h  tt  is 
inolinetl  to  the  plaiio  of  the  hnrixtm  is  cnlleil  the  indination 
(Hartmann,  ]o44).  At  the  begimiing  of  tSfiU.  this  incliiuttinn 
was  at  Berlin  66^7,  at  Munich  kV-Vl,  a.i  Var'm  6^r^^,  with  ati 
annual  dimintition  nf  IX'-OI}.  The  inolinatitin  inereasfiut  toward 
the  north.  Abovo  tho  north  nmfnietiti  pole  of  the  earth,  which 
Captain  Rosa  aetually  reiiclifcl,  «t  "ll"'  .V  nnrth  Istitiule,  and 
96*42'  longitude  west  tnmi  ( ireenwiKh,  the  needle  coini'idet: 
with  a  vertical  line,  and  for  this  roiutoti  tho  mariner's  comiwuw 
is  of  no  value  in  ttie^^e  high  latitudes.  The  inclination 
diniiiii!>hcH  toward  the  south  and  near  the  equator,  the  needle 
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iDwiiDies  a  horizontal  pofiition.  and  still  farther  toward  the 
wrnth,  the  south  pole  of  the  needle  becomes  depressed,  the 
amount  of  depression  increasing  more  and  mora  toward 
the  southern  majrnetic  pole.  The  varialitm  of  inclination  is 
(^phically  represented  by  the  (UcHnatiwi  fhart  (Fig.  133; 
Hansteen,  182(3),  upon  which  points  of  oi|iial  inclination  are 
connected  by  a  euTFed  line.  Such  lines  are  railed  uocUniea. 
The  Mro  isoclinic.  on  which  the  newlle  stands  horizontal,  passe:* 
around  the  torrid  zone,  first  on  one  side  autl  then  on  the  other 
of  the  goograpMcal  equator.  It  is  called  tho  ma{jrnetie  t^tMator 
of  tho  earth.    It  is  also  sometimes  referred  to  as  an  acinic 
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Km.  Tho  instrument  fop  raeanuriug  the  inclination  is  called  an 
in^tuition  compass,  or  incliHometer,  or  dip  netdfe  (Fig.  IM; 
Normann,  1576).  The  arrarif^ement  of  parts  of  this  instniment 
is  at  oiico  npjwrent  from  tlie  n{;iiro. 

141.  Intensity  of  Terrestrial  Magnetism. — The  poeitioD  of  the 
dip  ncOfUo  <^ive8  the  direction  toward  which,  at  each  place  of 
observation,  the  earth's  nmgnetir>  fome  aots,  preinsely  an  a 
pendulum  hanging;  at  reitt  indi(*ate9  the  dtrectioo  of  fi^x'ity. 
Ff  a  niagn«Li<;  needle,  whetbir 
an  incliuatinu  ut  a  dei-lination 
needle,  i»  drawn  aside  fioui  its 
[losition  of  e<')mlibniun,  it  vrill 
rotnm  again  to  this  positiim 
after  having  performed  a  oerieM 
of  viljratiims.  These  vihra- 
tions  tolldw  tho  same  luvr^  hh 
do  those  of  a  poudulum.  If 
the  mme  mQgneti>;  needle  is 
ftllowod  tu  vibrato  at  different 
places  OQ  the  surface  of  thn 
earth,  the  nnmber  of  vihmtions 
^ler  second  will  furnish  the 
ratios  of  intensity  of  the 
tormstrial  magnetic;  fon^^s  at 
those  placM.  Tho  forces  are 
found  to  1>ear  the  same  ratio 
bo  each  other  an  the  mpiareK 
of  the  observed  numbers  of  vibrations  during  a  ^ircii  period 
of  time  (40).  From  the  vibrations  of  a  dip  noodle,  it  is  pu^ible 
in  Ibis  way  to  determine  tho  total  inteiuitr  of  the  earth's 
magnetic  force,  oalleil  the  total  inten$ily,  while  by  means  of 
the  declination  needle,  It  in  po.<»ible  to  detemiine  only  the 
hortzoutal  comjxmeut  uf  tlii<(  entire  force,  nr  the  horizontal 
intensity,  tint  since  a  declination  needle  ndmita  of  mom 
aixnrate  ub:«erratioo  than  dm^!l  an  iucliiuttion  noodle,  it  in 
preferable  to  determine  the  horizontal  intenaity  (H)  immedi- 
ately, and  from  it  to  compute  tho  total  intensity  (T)  mtb  tb« 
aid  of  1  he  known  incl ination  (i),  from  the  equation  H  =  T  ens  i. 
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The  distribution  of  the  total  magnetic  force  over  the  surface  of 
the  earth  is  repreaented  graphically  by  tinea  of  equal  intensUy, 
or  by  itodynamic  linea.  The  little  chart  (b'ig.  135)  showa  that 
the  magnetic  force  in  a  fjeneral  way  i&(.'roased  from  the  &quatoi- 
towaril  the  polea ;  that  the  greatest  value  is,  however,  not  at 
the  inagiietic  pules,  but  that  iu  the  uortbem  hemisphere  there 
are  |wu  points  of  uiaxliuiiiu  magnetic  force^  one  in  North 
America  a  little  west  of  Hudson  bay.  and  the  other  iu  northern 
Asia.  Ad  arbitrary  unit  is  UBed  in  expressing  tbo  numbers  de- 
scribed above  for  representing  niaguetJc  inteuisitietf.  In  teniia 
of  a  unit  which  will  be  explained  later,  at  the  beginning  of  1896 
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Fio.  135.— bo-lyniiiiiic  Lines  for  IKU. 

the  horizontal  intensity  was  at  Beriin  U-186,  at  fliimich  0'203, 
and  at  I'arifi  l)*iyij,  with  a  yearly  int-rease  of  about  0*00015. 

142.  Variatioiii. — The  three  luagnitudos,  declination,  ineli- 
nation  and  intensity,  ere  called  the  elements  of  terrestrial 
luaj^netism.  because  by  their  means  lM>tii  direction  and  uia^^ni. 
tude  of  the  niagnetiti  force  are  iwmpletely  determined.  All 
these  elements  undergo  coutinnous  ob&uges  even  at  the 
same  place,  the  Huctiiationa  being  partly  sudden  and  ine- 
guiar,  and  jtartly  regular,  occurring  [>erit)dieally  during  the 
day,  or  during  the  course  of  many  yeanj.  The  former  are 
called  ditturhancca,  and  the  latter  vafiaticna.     Uaiiy  variations 
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ore  connectod  with  tlie  daily  Tiiotion  of  the  sim,  and  smotint 
tu  only  a  few  minutes.  SeenUr  rariatiunsT  on  the  contmrjr, 
■x>ntinnin^  in  the  snme  senne  throitghmit  the  nniirse  of  years, 
^rwlnally  accnnuilnte  to  r-on»iclentl)l('  magnitudes  In  L'Vaace. 
for  in^tuuco,  in  1580  the  dccliuatiuu  mm  11^-5  east,  in  1663  it 
was  0",  it  then  booame  woat,  and  inctcftsod  nntil  in  ISll  it  was 
'22°*^  west.  Hince  then  the  western  iteclinntion  has  diminished 
Homewhat.  'Vhe  inclinntton  nlno  exhibits  both  daily  and 
KetTiilar  i^hanf^es.  In  Paris  during  1(171  it  was  75".  since  then 
it  baa  diininirihod,  and  in  18!f4  it  was  only  tjiV-l.  The  intensity 
ia  likcwiflo  subject  to  butb  daily  and  yocular  rariations. 

These  distm-bftnces  have  been  found  to  bo  coanectod   in 
some  tinknoHii  nay  with  earth (|uake!t,  rolcnnii' 
outbreak.'*,  and  particularly  with  the  phenomena 
of  the  nurtheni  lights, 

143.  Uognetometer. — To  lletcrluiu(^  tbo  deeli- 
oation  and  ita  variations  with  ]>reci»ioii.  the 
ma^elometir  (Gauss,  18^3)  is  used.  A.  bar  mag- 
net, m  (Fig.  136),  is  suspended  by  an  mitwisted 
silk  thread  so  a^i  to  admit  iif  freo  motion  in  a 
horizontal  plane.  .Vlinve  JUi  reiitre,  jierpendicnlar 
to  the  magnetic  axis  of  the  Itar,  a  Mmall  mirror, 
o,  is  attuohf^  to  it.  lu  the  mirror  may  be  aeen 
by  means  nf  a  viow-telescujw  luminp  about  the 
coDtro  of  a  hoiizontal  circle,  tV.  by  a  ihfodoUte, 
the  image  ofa  scale,  sg,  lixocl  hDrizontally  beneath 
the  tele8co|)e  and  graduated  to  millimeters,  tn 
the  centre  of  the  Held  (on  the  (*rusH*hairs)  will 
be  seen  the  middle  divinion,  a,  i>f  the  .scmI<.-,  pro- 
vidod  the  magnetic  asi»  of  tbo  bar  uiogm-t  cuiu* 
cide  with  tbo  line  of  sight  (axis  of  the  telescojie). 
But  if  the  magnet  deviate  by  even  a  very  little 
from  this  position,  some  other  divi.«ion,  c,  will  be  seen  on 
the  crusa-hnirs.  From  the  di»tauce,  ae,  rL-ad  in  the  telescope 
and  the  distance,  am,  the  .sniall  angle,  and,  by  which  the 
magnetic  axis  deviates  from  the  line,  am,  may  be  determined 
with  great  accuracy.  Uy  means  of  the  borlitontal  graduated 
circle,  the  angle  between  the  magnetiv  axis  and  the  known 
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tlirectioii  KS  of  the  astronomical  meridinu,  t.e.  the  declinaiiou 
is  then  readily  ohtaiued. 

144.  Coulomb"*  Law. — When  one  jwle  of  a  very  lon^i:  bu 
iimgnet  i^  lirouffht  near  a  |)ole  nf  a  ven'  light  magnetic  nee<l)e, 
»ii8[M'nJed  by  a  silk  fihre,  ilia  wt'odlo  bebig  freed  irnra  the 
iulliieiicQ  of  the  earth's  magnetiiiui  (U>ing  aiitatit^).  white  the 
other  pole  is  remured  to  so  great  a  distaiK'e  thai  its  efTeot  upuii 
the  needle  may  be  neEle<:te(l,  the  mapnetii-  needle  will  vibrate 
ttccordiug  to  the  law^  of  the  iieudiilum,  until  it  tinaJIy  attains 
its  position  of  eqiiilibriiim.  Fnnu  tho  uuiuber  of  vihtations  at 
different  itistaiicee  fntm  tho  {lolc  an  accurate  ostiiuate  may 
be  formed  of  the  ratio  of  the  forces  which  the  pole  of  the 
magnet  exerts  iijkju  the  ]xile  of  the  needle  at  these  rarioiiK 
diiitauccs.  The  forces  &re  found  to  l*e  related  to  each  other 
oA  the  squares  of  the  nmnboF);  uf  their  vibrations  (40).  Hence 
the  fon*e  with  which  two  magnetic  poles  mutually  attract, or 
i«]>e!,  ii  inversely  proportional  to  the  fqitare  of  their  disianee 
(Cooiomb,  1785).  Oouionib  also  prtived  this  law  by  tueaus  of 
tJie  torsion  balauce  («>2), 

The  force  Injlween  two  magnetic  jioles  is  moreover  de- 
pendent uiKiii  the  polo  strengths.  A  magnetic  pole  which  exerts 
double  tho  force  of  ancithor  pole  upon  the  ttame  magnetic 
needlo  at  tho  same  distance,  \»  said  m  have  tnico  the  intenttity 
of  th*^  other  jkiIc,  i.9.  it  is  as.'iiumcd  tfial  force  and  pole-strength 
are  projHyrtiontU.  The  reciproiiol  adtion  of  two  magnetic  poles 
is  atrconlingly  }>roportional  to  the  prodtict  of  tho  intensities  of 
the  poles. 

A»  an  abaolate  unit  of  matfnetin  polar  intensity  it  hwt  been 
decided  to  m«  the  poU  which  exertt  ufmn  an  equally  atromj 
majpieiic  pde,  a  force  of  \  (1  dym)  at  <i  distance  \  (1  cm.). 

Wo  liove,  therefore,  for  tlie  force  l'\  acting  beiwcon  two 
magiifii<-  poles  of  intensities  t»  and  m'  at  a  dislauce  r  (cm.) 
expressed  in  dynes, 

n-      win*' 

where  the  iuteuiuty  is  reganle*!  as  positive,  or  negative,  accord- 
ing as  the  pole  is  north,  ur  south.  loistead  of  pole-intenstty  it 
is  the  custom  to  use  ahto  the  jibnute,  "  magnetic  masn." 
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115.  Ka^etic  Field— Linee  of  Force— £qaipot«nti&l  Sarfacea. 
— The  sjiHco  aboui  a  luugiiet  over  wbioh  its  maguetic  eSect 
extends  is  called  its  magiielie  Hold.  This  field  is  really  of 
iDfiiiit«  exteut,  but  for  convdoience  it  way  be  regarded  as 
limited  by  those  points  at  which,  an  account  of  ion  great 
distance,  the  uiagQetic  force  becomes  inappreciablu.  For 
every  poiut  of  the  lield,  by  means  of  Coulomb's  law  the  force 
way  be  determined  which  actti  upon  a  unit  ma^etic  pole 
situated  at  that  point.  This  frirce  in  called  the  strength  of 
the  lield  nt  this  point. 

A  small  magnetic  needle  moyable  in  all  directions  about 
its  centre  at  uvery  pi>int  uf  the  field  tussumea  the  direction  of 
the  fnriMj  autiug  at  that  point.  If  the  needle  is  moved  through 
its  ticld  always  in  the  direotii^n  toward  which  its  north  pole 
|>uint^  its  centre  deseribeH  a  Hue  oiHUolly  curved)  called  a  line 
of  force.  This  line  proceeds  froiu  ibe  north  pole  of  Iha  magnet 
Hnd  terminatett  u-t  the 
:»outh  j)ole.  In  each  of 
iUi  poinu  the  liueu  uf 
force  in  the  field  ■>f  a 
magnet  may  bo  very 
I  ieautifully  represented 
by  sprinkling  iron-dUixg^i 
uver  the  surface  of  a  ^ 
sheet  of  paper  lying  npou 
the  poles  of  the  mapiot. 

The  tilings  are  converted  under  the  influence  of  the  mapnct 
into  small  magnets,  which  arrange  themselTea  end  on,  along 
the  lines  uf  lonre  (Fig.  187 1. 

Surfaces  which  everywhere  interKOct  the  lines  of  force  of  a 
magnetic  field  porpoudic-nliirly  are  called  eqiiipatential  KarfaoeH. 
No  ma^etic  force  whatever  is  directed  tilon^r  thu  Kiirfatss,  and 
a  niogtietic  pole  may  therefore  be  di»{>la<:ed  utoug  tbem  without 
the  perrurnuiiice  of  any  work.  Un  the  contrary,  work  must  be 
done  to  move  a  maguulic  pole  against  the  magnetic  force  from 
one  e(|uiputeut lul  durl'ace  to  another.  By  meuUH  of  the  linen 
uf  force,  together  with  the  eqiiiiioteutial  surfaces,  the  c<mstitu- 
tiun  of  a  magnetic  field  may  bo  completely  represented. 


i'-'S 
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Eveij  demeDt  of  aii  e(|iiipulviitid  riurfuoi:  \»  iiwrced  \>y  an  tafioitc  uumbur 
of  linea  of  foroo.  I'q  refireeeut  by  tlicec  linva  nut  only  Uie  dLrectiou  liul 
fllao  thd  nugaitudfl  of  tbe  force  kt  every  point  af  iJic  fldij,  only  atioh  a  nuinWr 
of  liaes  of  loroo  u-o  cvnccivod  to  bo  dmwa  «a  tliat  crcry  auporfioiat  unit  of 
each  clement  i>f  liic  surfbcc  shall  be  picrcoil  by  a  iiumbcr  eqitnl  numericftUy 
to  iJiD  foTOc  acting  ut  Uic  \iouA  in  qacftion.  Tno  Etrongth  of  the  RcM  is  tben 
expremed  by  Iho  numbor  of  Hues  of  foivo  [ler  unit  uf  eurfacu,  qt  by  tlic 
"  aenrity  "  of  tlio  line«  of  force. 

A  maf^ettc  field  in  which  tho  magnetic  force  upon  the 
unit  nui)rimtit'  msss  (i^.  the  strength  of  fieM)  is  everywhere 
equal  and  like-directed,  \i\  which,  theret'ure,  all  lines  of  force 
are  parallel,  is  aaid  to  he  homogeneous.  The  magnetic  Held  of 
tbe  earth  car,  everywhere  within  moderaI«  limits,  be  regarded 
as  homogeneous.  Its  lines  of  force  are  parallel  to  the  direction 
of  the  dip  needle,  and  its  »4treuj^tb  equals  the  local  total 
intensity. 

The  horizontal  liiiea  of  force  wuuld  be  found  by  advancing 
from  any  given  point  npon  the  surface  of  the  earth  coutinu* 
oobIj  in  the  direction  of  th«>  det^litiatiou  needle.  The  lines 
80  obtained,  called  magnetic  meridituiit,  run  from  one  magnetic 
pole  of  tho  earth  to  the  other,  and  fnmisfa,  as  do  tbe  isogonals, 
a  clear  representation  of  the  law  of  magnetic  deviation  over  the 
surface  of  the  eartb. 

146.  l!ag:netic  Moment. — In  a  homogenonus  magnetic  Held 
the  poles  of  a  bar  niafjnet  are  acted  upon  by  oppositely  e<|ual 
poroUel  forces  constitutiug  a  couple  tending  to  rotate  the  Imr 
magnet  about  its  support,  hut  producing  no  motion  of  transla- 
tion. If  m  denote  the  magnetic  mass,  II  the  strength  of  the 
field,  Jim  is  the  force  acting  at  each  i»nle.  If  I  denotes  the 
distance  between  the  poles  (approximately  the  length  of 
the  magnetic  bar),  and  n  the  angle  between  the  magnetic  axis 
and  the  direction  of  tho  force,  (  sin  a  is  then  the  Icrcr-arm  of 
the  oou]>lo,  and  consequently  Hmf  sin  a,  or  when  the  magnetic 
bar  is  perpendicular  to  the  lines  of  force  (a  =  !)0^).  Hm^  will 
be  the  moment  of  r<itattoa.  Tbe  product  ml  =  M,  i.e.  the 
moment  uf  mtatiuu  of  a  magnet  standing  ])erpendicuiarly  to 
the  lines  of  force  in  a  homogeneous  tield  of  unit  intensity  is 
called  its  mof/netie  moment. 

14T.  BwlpTOMi  Aodon  of  tm  ■•gneta — Wv  Hbnll  lunit  oiir  attention  to 
ibe  foUoning  lomiilc  ciuc     U|)uti  a  uiaipntitic  needle  (+>*,— 1*)>  movable  in  a 


UAaN£TIS3f. 


VIA 


LoritoDtol  ]i!iuie,  the  Dccdic  boiiig  placed  in  tlm  magDOtic  mendian,  let  a  bar 
nMgDflt  l>'ing  ill  tho  samo  IiorixutitJit  pUno  net,  Uio  latter  iDA^ct  having  iU 
iinj»rn(!niUciiliir  to  the  nvu^tiuUc  iiiuriilbn  lliroiigli  tlic  ooulrc  or  the  ncwiliG 
(I3S).  Lot  Uio  Imigtli,  ',  or  till)  bar  taagtint,  anil  iHm  (Iiiit  of  llie  nodJIe,  bo 
Krna])  in  eampariitoii  with  tlin  ilisbinei^,  r,  of  (h«ir  M^nlrcji.  Lot  m  and  ^  b4) 
tiw  magnetic  maMoi,  or  polar  iQieimtica,  of  bar  and  ncerOo,  wo  aliall  1uit«  Tot 
the  foroe  K,  with  which  tlie  two  pole«  -f  jn  oiid  -  m  act  upcn  the  pole  -t-^ 


K  = 


and  if  f  u  HO  email  lliat  i  P  may  bo  ttogloclcd  in  coniparriion  wiUi  r*, 
or  hIuco  mf  =  A(  b  tliL-  iiiaj;iii.HJG  motuciit  af  the  bar, 


K=- 


"H  ' 

iA  tlio  action  of  «,  liar  nuiKnct  (having  two  unporftdy  oqui  pd««  rigitQy 
flOOMCtcd)  upnn  n  distant  |K)b!  is  ippraximat^ly  mreTsely  praportional  to  th« 
ihinl  piivwr  of  lli«  ilintaiicu. 

IM.  DMarmlaaUon  of  HariMnial  lotaiulij  and  Ma^netia  ■ammit  (Uaum). 
— Upon  tlie  poll]  +it  of  ihi^  nia^cdc 
iiewDe  tbo  borir,onta)  force.  H/a,  acts 
in  a  (lireulion  pAralld  lo  Utv  mvriilian, 
wlivre  II  4leuot«s  Llia  lioriuiiiUl  onm- 
pooeotot'  the  onnli'K  mnt^inttixm.  Thti 
■eadle  ni  drawn  ()iit  of  ttui  ttiuridlan 
by  tho  foron  K  [liniugli  tlic  an^jle  f>,  uiitti 
ilK  direi!tbit  coiiioiiloi  with  the  iQi^oltant 
of  K  and  lU-    Thk  uooiirti  wli«u 


Pm.  138.— Afltioii  of  two  BCagnato. 


wllfiltO) 


^  =  tai.t.or^Ull^.ai,^ 
5{  =  JHU»#. 


M 


l^o  ratio  n  b  foati'l,  tlioroforo,  hy  ohacrving  lh«  deviatioa  ^  and  measur- 
ing tho  ^Btanco  r. 

If  uow  the  bar  magnet  f  +  ».  —  ml  bo  suspondod  from  its  ceiiU«,  it  wul 
ibrale  like  a  pondtilutn  iinclor  the  Influence  of  thu  huriMintal  oomponflat  of 
bo  aanh*c  matfiiotitini.    Its  tlm«  of  vlbmiiou,  (,  muail  tatlafy  the  flqmlioo 


vibrate 

tho  aanh*c  magiiotitini 

(40,  arid  fiS), 


i  =  ». 


if  Ad«aot«  tb«momeotof  iiurtLt  oftbobar.whil«  Mil  rapreoenta  Ita  moment 
tifnIatioD.  If,  thAnAire,  themDmeat  of  inortia.  k,  and  the  time  of  Tibratioa. 
f,  ue  deUnniDod,  w«  hava 

l^meuBQf  the  dHviatiun  fonnctly  obaenred  and  thin  time  of  Tibration, 

T 
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we    hiiv«    ihita  found    the  ntio   jr  =  A  stid  thtt  protlnot  MK  %  B.    Frooi 
this  w«  have  in  abeolnto  mwunira  tbo  horiicouta]  inli:iuut;r, 

fexH  the  niagaetic  inoinont  of  th«  bar  iisixl, 

M  =  ^AB. 

Tlie  rorcgving  valutw  uf  tho  lioriv-oittol  intonirity  wore  oblAiDed  In  tliis  way. 

149.  Inflnence,  or  Induction,  or  Indaotivo  Action,  of  a  Mag- 
netic Field.  A  l>ar  ut"  inm  held  in  th«  ilinx-'tion  of  the  di[t 
nec'dle  becomes  mogTietio  through  tho  action  of  terrestrial 
magnetism,  the  lower  pule  be^iuming  a  UDftb  ]Hile,  and  the 
U()I»er  a  stmtli  iwIl*.  If  lbt>  bar  bt*  reversed  the  poles  will 
exchauge  pluces.  If  held  in  auy  other  direction,  only  the 
component  of  the  total  intensity  in  this  direction  tends  to 
magnetize  the  bar,  and  this  oomponent,  of  course,  becomes 
BtiialltT,  the  greater  tbo  angle  between  its  direction  and  the 
direction  of  Uie  dip  needle.  It  vanishes  entirely  when  the 
bar  Is  held  perpendicular  In  the  direction  of  the  dip  needle. 
The  magnetizing  eflect  ot'  the  earth  u]ion  rods  and  bars  plat.'ed 
vertically  is  rery  considorablo,  since  the  direction  of  the  dip 
needle  differs  but  little  in  out  rogious  from  the  vortical.  Steel 
bars  hold  in  the  direction  of  tho  dip  needle,  or  oven  vertically, 
become  permanently  mognetii?,  especially  when  continually 
subjected  to  blows  in  this  jiositioii.  HhirckH,  indeed,  stx'm  tn 
pnimiito  tlio  rototioii  of  tho  little  moleculur  uiaguets.  This  ex- 
plains why  tbe  toob  in  a  lockatnith's  worltshop  usually  exhibit 
lUBffnetic  properties. 

'Itic  polai'  iiit'^ri^ity  {nytgnttk  matt)  dovelopcti  tipoai  each  cnd-snrfoci.'  of  a 
bur  [HM-  sui'crliviul  uuit.  In  ubviijiuly  pruportit^nul  to  the  mtciuii^,  T,  of  tli« 
niajcuoUc  lidd,  mid  UicKforu  liouals  •T,  wlicre  ■  is  u  imiiJi^riciU  frnitor  peculiar 
to  lUu  MibfeUui:^  cvuipoeiiiK  tliO  bar,  luid  \a  callvd  the  (ancient  o/iWucm/ 
nMyridiiafiWi.  If  ^  la  the  crosi-scciiou,  {  thu  IcuL-lb,  s  =  iq  th«  ti^Iuiuc  af 
Ibc  b«r  nadcr  the  nflucuco  of  tbo  tuoKnctic  (laid,  T.  it  .itluiiu  a  magncttc 
intennty, QF  a  maguatic  nuas.  in  =  K^.aiid  tbo  luanieiit  in  M  ^  itiqT  ~  «tT. 
The  uuinlier,  *,  oipresfca  iho  ratio  of  tlia  t&iluced  magnetic  moment  al  any 
point  uf  tiiu  moif^tio  field  per  volumetric  tiiill  to  tl>u  iiiienBily  of  the  iteld  at 
tliat  poiut,  (uid  w  iheroforo  a  rouoauro  of  tho  iDa);netic  euecoptihilitjr  of  the 
nui^ctucd  euUtaiicc.  For  sol  iruii  k  =  32,  bat  for  miooaooun  iroo  ore, 
M  =  (H5. 
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150.  ElMtriflofttion. — Wlien  a  glass  rod,  or  s  bar  of  sealing* 
wnx,  U  riiti])^!  with  n  piece  of  cloth,  it  m;<(iim;s  the  pntperty 
nf  attracting  light  liodit-s,  such  a»  frn^inents  of  jmjKir,  little 
pioew  of  pith,  etc.  As  this  property  wua  first  obson-cil  by 
the  ancients  (Thales,  600  b.o.)  in  aniher,  which  whs  calleil  by 
Iho  Greeks  "elewtRin,"  thec«jiiilitiuii  into  which  the  IhmIv  is  put 
hy  niiibiiig  it  is  described  ba  ehttriccd.  mul  the  cause  of  this 
condition  is  termed  electrical  excitation,  or  tlcctri/ication 
(Gilbert,  ICOO). 

161.  CoiLilttCtors  and  Xon-coniactors.  ^Besides  those  men- 
tionod,  other  Itodi&t.  e.tj.  sulphur,  precious  tttones,  luic-A,  silU, 
resiu!)  (shelluc,  sealing-wax,  anibor),  caoiitchoac  (haid  rubber, 
eltunite),  gutta|)ereh&,  paraffine,  etc.,  exhibit  this  property.  On 
the  other  h&ud,  it  is  impossible  to  electrify  by  fri<;tioii  a 
metallic  bar  held  in  the  hand.  If,  however,  a  metal  bar  U 
provided  with  a  handle  of  gloss,  or  hard  rablor,  and  the  latter 
be  held  in  the  hand,  the  metal  bar  will  likemsc  become  elec- 
trified on  being  rubbed,  thoiigb  it  lunes  this  property  int^tanlly 
when  toucherl  with  the  finger.  We  infer  from  this  that,  when 
held  directly  in  the  hand  the  oQect  which  we  call  electricity 
is  really  produced  by  the  rubbing,  but  that  it  imnieiltately 
eacapea  through  the  metal  and  the  hand,  whereas,  when  graaped 
by  the  glass,  or  obony,  handle,  the  escape  of  the  electricity  i» 
prevented.  WHiile,  therefore,  a  metal  pnji>«^tei!i,  or  (H>nduct6, 
electricity,  glaw  and  rubber  do  not..  The  former  is,  therefore, 
called  HeondttcUr,Kad  the  latter  are  nQn-condvctort  {Qny,  172f)). 
Electricity  imparted  to  aconductor  at  a  single  point  is  distribute^l 
at  oDCO  over  the  entire  body  and  escapes  into  the  earth,  which 
\»  aUo  a  conductor,  when  the  body  is  connocted  with  the  earth 
by  a  third  conductor.     With  a  uoa>conductor,  on  the  contrary. 
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the  electricity  remBins  upon  the  jwint  whore  it  was  prtjclueeil, 
utd,  when  tuui^heil  liy  a  iKinihiPior,  only  the  eletttricity  of  the 
{Htint  touched  will  e»cu{K.v 

The  metals  are  tlic  beat  cnmiiiirtors.  I^eaa  i>erf©ct  oou- 
dnctors  are  the  human  btjUy,  curlun,  graphite,  water,  acids. 
Mline  aoliitioiis,  leather,  mmiy  varieties  of  stone,  and  the  oarth. 
Ou  the  (itlmr  hand,  tlio  noiw^jndiirtarH,  or,  H|)eakiDg  more 
cotrectly,  the  very  ]KK>r  Gciudti[;t4)rs,  are  the  IkhUbs  already 
euumerated  above,  which,  by  reason  of  this  property,  hold 
the  electricity  developed  by  frictiou  ou  their  surfaces.  Some 
liquids  are  also  poor  conductors,  such  as  oil,  petrotoiim,  alcohot, 
carbuii  diMiilphide,  as  alwi  the  air  and  all  pisuK. 

152.  Insnlation. — Id  order  that  a  conductor  may  preserve 
the  electrical  condition  into  which  it  has  been  brought  by  any 
meaJis  whatsoever,  it  must  be  siurounded  by  non-eonducfajrs. 
that  ifl  to  say,  it  must  be  completely  separated,  or  tw&rttfi, 
or  iriiuhtfd,  from  all  other  (.'onductors,  and  especially  from  the 
oarth.  FroHi  this  application  of  non-conductors,  tliny  are  al.10 
called  instijuton.  A  metallic  body  held  by  a  glatiH  handle,  w 
standing  upon  glaj^  legs,  is  insulated,  for  the  air  whirh  sur- 
rounds the  Ixxly  and  still  touching  it  is  a  nou>f.onductur,  if  dry. 
The  water  vapour  contained  in  moist  air  is  also  a  poor  con- 
dui't^r,  but  it  deposits  n\ton  the  surface  of  the  solid  insulator  a 
thin  layer  of  water,  which  makes  it  a  conductor. 

153.  Two  Eindi  of  Electricity. — To  observe  umventently  the 
nttruction  of  an  eltrctrilimi  body,  a  small  iiall  of  cork,  or  pith, 
may  be  auspcndod  by  a  metalliL',  or  linen,  thread  from  a  ceu- 
docting  standard.  This  simple  apparatus  is  euUeil  the  eUetrin 
pendulum. 

If  the  pith-ball  i.t  KU»ponded  by  meamt  nf  a  Kilk  thread  to  a 
glu^sH  support,  it  is  iuidulated.  If  a  glaas  nxl  i^  rubbed  ainl 
then  brought  uear  the  electrified  ball,  the  ball  is  attracted  to 
it  and  remaiuB  in  contact  with  it  for  a  ^hort  time,  after  which  it 
ia  permanently  repelled  by  the  rod.  The  ball  will  be  more 
strongly  attracted  by  a  bar  of  sealing-wax  after  nibbing,  when 
in  the  condition  (mder  which  it  wiis  reiwlled  by  the  glass  ujid 
before  having  t<mcbed  the  rod.  If  the  ball  has  been  put  into 
its  uuolectnfied  tdate  by  touuhing  it  with  the  hand,  and  then 
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brought  near  the  eleetrilied  bar  of  »ealing-wftx,  it  will  l)e  tint 
altraeteJ  by  the  bar  and  then  permanently  repelled,  after 
which  it  will  Ije  more  gtrongly  attracted  by  the  glass  rod 
than  origiimlly. 

Bars  of  glass  and  of  srHling-wax  are  therefore  in  different 
electrical  »t«ten,  aiiiffc  they  exirt  ii])i)n  the  pith-bidl  dianictri- 
cttlly  opposite  eft'ects.  If  other  non-conductors  bo  eimilarly 
tested  with  the  iusulated  electrical  pendulum,  it  will  he  found 
that  they  rumport  theniijelves  pillier  n»  glass,  or  as  sen.ling-wax 
(rvMn). 

There  are,  therefore,  two  dilTon-iit  electrical  conditions  for 
rbose  explaodtion  we  assume  two  diGcrcut  electricities,  called 
>(«  ehclricity  and  reaincns  eUHrieity  {Yiwiay,  17IJS).  If  a 
•rla^s  Imr  after  excitation  ia  suajiended  in  a  horizontal  poaition. 
it  will  he  reiwHed  by  a  second  f^lass  rod  after  excitation  and 
attracted  by  an  excited  liar  of  sealing-nax.  A  bar  of  sealing- 
wax  suspended  likewise  is  attracted  1^  the  bar  of  glaas  and 
1  jepelled  by  a  second  bar  of  sealing-wax,  Since  this  motion  of 
^heary  masses  iii  merely  a  cotitieqnence  of  their  eleetricat  con- 
ditions, we  are  ju*itifie*l  in  ajtcribing  the  observed  effect  to  the 
electricitien.  It  follows,  therefore,  that  I3ce  tl^tricitit*  repel  and 
unlike  attract  each  otb^r.  The  attraction,  or  repulsion,  of  two 
electrilled  bodies,  which  are  small  in  comparison  with  their 
distance,  ia   always    in    the    direction   of   the  straight  line 

lecting  theui. 

164.  ^ectrical  TrantmiMion.  or  Conduction. — It  is  now  cloai- 
that  the  insulatefl  UUl  of  tlio  electrical  jiendultim  mentioned 
above  became  charged  nitli  Titreons  eleirtricity  on  touching  the 
gioaa  rod  and  with  re^inmin  electricity  on  touching  the  nxl  of  wax. 
We  observe,  also,  that  light  bodies,  which  liave  been  attracted 
by  an  electrified  body  and  at  first  cling  to  it,  but  after  a  time 
arerejielled  by  it,  have  been  charged  with  the  same  kind  of  elec- 
tricity. The  electricity  of  a  body  may  also  be  transferred  without 
(|aalitative  change  to  an  insulated  cnndnctor  by  simple  contact, 
or,  an  we  say,  it  may  be  charge<l  with  e!e<^tricity  by  cojtdvetion. 
Consequently,  any  body  may  be  charged  nith  either  rttreous  or 
rinoUB  electricity  by  friction  or  by  transmission.  Trnnsmis- 
sien  of  the  sort  just  mentioned  ii;  ordinarily  called  Mudvetion. 
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165.  Quantity  of  Electricity — Eleotrical  Ka8S.^If  an  elec- 
trified Hphi^richl  rondtittor  is  broiigbt  into  contact  witb  aii 
esacUj*  similar,  though  utielectritied,  conductor,  after  Ihoy  aro 
separated,  buth  will  Iw  etjually  atrongly  cloutjilied  uitd  botb 
will  be  weaker  than  was  the  first  condufitor  before  the  conlnct. 
This  luay  ba  ]>roveil  by  tueaus  of  the  electrii;al  peinliiliiin.  The 
origiaal  charge  uf  the  first  conductor  has  tlierefore  distributed 
Ltaelf  imiformly  over  the  aurfacfs  uf  botb.  An  eleclr:<-al 
charge  may,  tht'relV>i-o,  be  divided,  and  coasoqiicutly  vAm 
iQultiplied.  Hence  the  need  of  the  expresaiua  quantity  uf 
electricity,  or  electrical  mass,  vbo»e  majniitudes  are  expiessible 
ill  a  proporiy  chosen  unit  uf  electrical  uia^H.  It  i.s  Etsstimed 
tbat  the  electrical  uia^s.  or  the  quantity  of  electricity,  of  a 
Iwdy  ia  proportional  to  the  attracting,  or  re^)elling.  force  which 
tbti  biKly  is  capable  of  exerting  upon  a  second  body  under 
conditioits  umuodiHod  by  ererythiag  save  the  influence  of  the 
first  liody,  e.g.  the  ball  of  an  oloetrioal  pendulum. 

1S6.  Foiitive  and  Negative  Electricity. — Let  one  of  two 
Hunilar  in-sulated  metallic  balls  be  charged  with  vitreous  and  the 
other  utpirillY  strongly  charged  with  rcsiuous  electricity.  As  to , 
V  bother  thuy  uiu  c'|ually  Htmugly  electrified,  may  be  tested  by 
noting  whether  the  electrified  ball  af  the  pendulum  is  dranii  aside 
from  the  vertical  position  of  equilibrium  by  equal  amounts  iu 
both  cases.  If  the  balU  are  brought  into  cHintart  with  each 
other  they  lose  their  electrinticK  rnmptetoly.  The  two  iinlikt? 
cleetricitieH  coiubiue  with  uaeh  other  in  equal  tjuautitict) 
uiutaally  destroying,  or  neutralizing,  each  other.  Tv'o  nmgui- 
tudea  t-omportiug  tliemgelven  thus  aro  dosiguatod  a»!  opposite*, 
the  one  being  called  positivt-  and  the  other  negativa  When, 
for  example,  a  hole  is  excavated  in  the  groun*!.  the  earth  thrown 
out  is  a  positive  magnitude,  the  hollow  is  the  correspond* 
iog  negative  magnitude;  when  botb  are  united,  that  i£,  nheu 
the  earth  ia  thrown  into  the  hollew,  they  neutralize  each 
other,  BO  to  upcuk,  and  the  original  cmootli  HUrtaco  is  restored. 
The  behaviour  of  the  two  opposite  elertricitles  with  respect  to 
uoch  other  is  appropriately  reprcsuntod  by  calling  the  one 
jHiaitive  (  +),  and  the  other  iiegativo  (  -  ).  As  to  which  should 
be  coQsidved  positive,  the  phenomena  tbemsclves  give  u£  no 
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hiat.  It  has,  tborafore,  been  cnnvontionally  est&Uiehetl  tliat 
vitreotis  electricity  shall  be  culled  positive,  fund  resinous 
nefrative  (Lichtciiliiirf^,  1777|. 

197.  Simultaneoiu  Pradaotion  of  both  Eleothcities. — Jiutt  hm 
it  is  imi^oK^ble  to  dig  tlie  hole  nritboiit  throwing  up  tbe  heap 
of  oarlii,  s»i  is  it  abio  imimstiililc  td  prodiicio  the  one  electricity 
without  the  simiiltaueouH  pnidiietitm  nf  lui  etjua!  quantity  of 
the  other.  If  a  bar  of  f(lass  is  stroked  with  a  scrap  of  nibber 
aud  bnnifibt  in'«r  the  m-jjatively  eliHHriiicd  ball  of  the  iteuJiiliim. 
ihe  rod  atu&cu  il,  while  the  nibber  rej»elB  il.  Oouseqiieiitly, 
the  latter  must  be  negatively  and  the  former  positively  elee* 
triHed  by  the  nibbiiig.  If  Ihe  glass  rod  and  the  pim.-c  i»f 
rubU-r  act  together  «]»oii  the  peudulum,  nu  effoct  whatever 
ii*  perceptible,  hence  the  opposite  electricities  were  produced 
ui  equal  qnantitioa 

This  juatities  the  view  that  the  two  electricities  are  not 
created  by  frictiou.  but  that  they  are  present  in  any  un- 
electriRed  body,  uiid  hi*-  cvjiabinod  with  cot-h  other  iu  equal 
masses.  The  tridion  nicroly  Hoparatcs  thorn,  allowing  the  one 
electricity  to  coUect  upon  the  body  rubbed,  and  the  other  upou 
the  material  uaed  in  nibbing.  Umdectrified  IxKlies  are  for 
this  reason  said  to  be  lu  a  nmitral  state. 

ity  nibbing  dissimilar  biKlies  against  each  other  in  jwirs, 
and  lestin;;  themintb  a  [lenduhim,  whichever  sort  (ifidei;lririly 
each  body  may  acquire,  it  will  be  |K>8sible  to  arrange  all  bodies 
in  a  series,  each  of  which,  when  rubbed  by  one  of  the  fulUminf^, 
becomes  [Kwitiv«,  an<l,  by  one  of  the  preceding,  it  becomes 
negative  (Canton,  1734).  The  most  important  bodius  of  this 
frictirw  xeriuN  are :  hair  (cat'it  fur,  tail  of  u  fox),  iiolished  glass, 
wool,  iMpcr,  Kilk,  roughii^h  gla:«K,  (noutchouc  resin  (se&ltng-n'ax), 
amber,  sulphnr,  metals,  collodium  (gnn •cotton).  The  farther 
H[iut  tviii  HiiliKtances  are  in  tliiii  Kene»  the  better  thoir  eftLMM. 
KeKin  U,  therefore,  used  with  felt,  glass  with  metal,  or  amalga- 
mated loatbcr. 

158.  Location  of  the  Electric  Chaise. — Kicctricity  i^au  be 
in  equilibrium  only  on  the  surface  of  a  conductor,  never  on  iti 
interior.  For,  since  the  jiarts  of  the  same  kiml  of  electricity 
mutually  repel  within  a  conductor,  they  mast  separate  from 
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each  other,  inasiuuch  as  the  coniluctor  offers  uo  resistoneo  to 
this  8©|jamtio»,  uutil  they  are  brought  to  a  stand  by  n  noD- 
conductor,  which  oxistg  Mttly  at  the  sarfoce  of  the  twnihictor. 

If,  for  example,  a  metAllic^  hall,  iiutulatcnl  «ii  glaSH,  i.s  oler- 
trificii  ami  roveretl  hy  two  hulhiw  iiielallit.'  homisjihores,  fitted 
with  ghifls  haudIcK,  it  \x  fuuud,  un  removlug  the  hemispheres, 
that  the  ball  is  entirely  nnelectrified.  Its  eleotricity  has  been 
tranNferred  to  the  hHml(i{ihere(i  which  fur  the  moment  formed 
itH  Kurfare  (Coidomh). 

Let  a  metallic  eolumn  be  placed  upon  an  iiisulat«d  melallic 
plate  from  which  a  pith-lmll  is  siiepeniled  liy  a  mlender  wire. 
If  the  metalli«;^  plate  Ik-  i-harged  with  electricity,  the  pendulum 
will  be  strongly  repelled  by  the  eolmiiD.  If,  now,  a  bell- 
shaped  vessel,  made  of  nire  gauze  and  held  by  a  glas^  handle, 
is  inrerted  over  the  column  and  the  pendulum,  the  latter  will 
hang  perfectly  slack.  It  has  now  Ixsoome  a  part  of  the  interior 
of  the  entire  conductor,  on  the  surface  of  which  all  the 
electricity  is  now  collected,  whii'h  is  seen  by  mcAii*  of  strips  of 
gold-leaf  stuck  to  the  outer  surfaoe  of  the  ganxe  cover.  The 
latl«r  hang  uo  longer  in  a  pBHsive  state,  bnl,  on  the  coDtrar\', 
are  violently  re[>elletl.  If  the  entire  c^indtictor,  ctmaisting  of 
the  plate,  the  peiHlulum,  and  the  cover,  is  c^hargcd  with  elec* 
tricity,  after  having  l>een  first  brought  into  an  unelectrilied 
state,  the  strips  of  gold-lcnf  uilt  be  repcllod  at  the  surface, 
while  the  electrical  pendiihini  within  rrroains  quietly  at  rest. 

On  the  interior  of  a  conductor  over  which  electricity  is 
spread  and  eijuilihriuni  ik  establieshcd,  the  neutral  jitate  always 
exLsta.  No  electrical  force  acts  on  the  interior,  or,  rather, 
the  internal  electrical  forces  hold  each  other  in  equilibrium. 
Pieces  of  metal  used  in  experiment  on  electrical  equilibrium 
need  notj  Uierefore,  be  solid.  Hollow  ones  will  suffice  eqnally 
well. 

159.  Electrical  Demity. — Upon  an  insulated  aphere  wholly 
freed  from  external  effects,  electricity  diatributes  itself  imi- 
formly,  \.e.  it  has  everywhere  the  samo  dennity.  By  this  is 
meant  that  upon  equal  stirfaces  the  name  quantity  of  eleotricitv 
is  present,  and  the  quantity  present  upon  nneipal  surfaces  in 
projtortional  to  the  area  of  the  surfaces. 
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Uprm  cnndtictnrs  nf  other  than  spherical  form,  electricity 
is  not  imiformly  distributed.  It  is,  liowerer,  always  ilistribiiteil 
in  Huch  manner  that  its  oficcts  upon  every  point  of  the  interior 
□eiitralixe  each  other.  The  ricnsity  at  any  point  of  the  gurfaoc 
is  given  by  the  ratio  of  the  »iURntity  of  elertricity  preawit  upon 
a  limitt-d  clmiient  of  area  Hiirroiimlitig  X\\\s  point  to  the  magni- 
tude uf  the  area. 

To  compare  tbo  dcnsitica  at  difforcut  points  of  tlie  siu-t'ace 
of  ft  body,  the  surface  is  tom-hed  with  a  metallic  disk  jmivided 
with  an  inHidatin^  handle  (prtiof-plaue),  or  uith  a  metallic  bell 
(pmof  xphere),  nhii-h  beant  uwsy  upon  it.s  HUrface  &um  the  point 
touched  u  pi)rtioii  uf  tlw  chftrge  jiroportitnial  to  the  area  of  iU 
8urfa(!C,  njtlumt  uppre^^iably  di]uiui^hin}r  the  entire  charge, 
A  comparison  of  the  'luantitiea  of  electricity  removed  by  the 
proof-plane,  nhen  t^iuched  Ht  diRerent  points,  furniKbus  the  ratJo 
of  the  duiutitiuK  at  ilies'o  jHiiiit^. 

Upon  an  ellipsoid,  for  example,  the  density  at  any  point 
«f  tbo  surface  is  pnipartioual  tti  the  ilistance  of  the  centre  of 
the  ulli{Ksoid  froui  tlie  eleiiieiit  of  surface  at  the  point.  This 
stiuico  is  the  length  of  a  per{)eniliciilar  drt>p|)cd  from  the 
centre  of  the  ellipsoid  upon  the  tangent  plane  at  the  ]K>iut  in 
•[uestion.  The  el«»L'tri«'ity  wnsexjuently  collects  moat  ibiL-kly 
■t  the  endii  of  the  inuxitiium  axis.  If  this  axis  is  very  long  in 
i-nm|)arison  with  the  other  axis,  the  density  will  increttse 
rapidly  toward  the  ^uiXa,  uud  attain  here  a  p^reater  value  the 
more  pointed  the  end^.  If  the  axis  of  rot-ation  of  an  ellipsoid 
nf  revolution  be(>omes  continually  smaller  and  smaller,  the 
ellipaoid  is  gradually  converted  into  a  cin^nlar  disk  upon  which 
the  density  increases  outwanl  at  first  very  slowly,  then  more 
rapidly,  and.  tinally,  must  rapidly  junt  at  the  rtlge.  In  general, 
electricity  collects  with  fjreatest  density  at  those  place*  where 
the  radins  of  cnrvnture  is  least,  and  es|]ecially  at  edges,  comers, 
and  poiuts. 

160.  Eectroitatic  PreMurc — The  repulsi*>n  of  the  particlea 
of  electricity,  diatrilmted  over  tlnL-  siirfai*  of  a  c^mdnctor,  would 
tlriTC  the  electricity  ever  farther  from  the  surface,  were  it  not 
far  the  fact  Ibat  the  resistAnce  of  the  mroiuiding  non-oon- 
ductor  sets  a  limit  to  it.    This  force,  after  eqniUbrinm  prevails, 
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is  at  every  point  of  the  surface'  jjerjwiniUmkrto  the  corresjMud- 
mg  snrfux  element ;  for  if  it  were  obli([iie,  a  niotiou  uf  traiisU- 
tion  miist  (icciir  along  ihe  surface,  and  equilibrium  coiiM  not 
nbtain.  At  every  |)oiiit  uf  the  siirfsce,  this  force  directed  out- 
wM^t  in  cose  it  acts  upon  the  unit  of  electrical  mass,  is  pro}M>r- 
tioDal  to  the  density  at  the  point,  and  exerts  accordingly  upon 
the  electrical  luustt  cuvcring  aii  element  uf  area,  vtliich  maaa  i« 
in  turn  proportional  to  the  density,  an  electrostatic  presanre 
proportional  to  the  square  of  the  density. 

If  the  rontlurtor  is  surmimfled  hy  air,  this  pressure  acts 
figainst  nimonpheric  pressure  and  diminishes  it  It  may,  in  fact, 
be  proved  (vau  Marum),  that  a  hollow  g;ta8s  globe  tilled  with 
hydrogen  is  apparently  lighter,  and  its  buoyant  force  greater, 
after  electrification  than  Itefore. 

161.  Action  of  Points, —  When  the  density  1>ecomes  suffici- 
ently grout,  thu  clurtnistatit;  prvNsuro  iucrcuscs  until,  in  fi}>ito 
of  the  resistance  uf  the  siirroundiug  ineulatot,  it  ia  driven  from 
the  surface,  and  a  loss  i>f  electricity  results.  If  the  electrified 
body  be  surnMuided  with  nir,  the  atniosjiht^rie  particles  iu 
con(tt(;t  with  the  IhhIv,  hs  atto  the  partjrles  of  dust  floating  in 
the  air,  become  similarly  clectritied  and  are  repelled  with 
greater  intensity  the  greater  the  ulccitricW  density.  The 
olcctritiod  air  oscApi-K,  from  jM^iutK  o^jx^cially.  with  Buch  force 
that  ft  current  of  oloctxidod  air  is  distinctly  pereeptible  to  the 
hand,  and  this  current  is  strong  enough  t<>  blow  aside  the  flame 
of  a  caudle  (Franklin,  1747).  Electricity  is  therefore  said  t^i 
_fictv  from  points. 

When  a  light  metallic  wheel  consisting  of  five  or  six  wiren 
terminating  in  points  all  bent  in  the  same  direction  is  plaoed 
upon  on  insulated  pivot,  it  nill  rotate  iu  the  direction  oppoeite 
to  that  in  which  the  curved  wires  point.  This  apparatus  is 
called  an  electric  vhirl.  or  vatie.  The  reaction  of  the  electrified 
ur  escaping  from  the  jtoints  in  the  direction  apposite  to  that 
in  which  the  currenta  move  (cf.  09),  is  of  eufl3eient  force  to  set 
the  wheel  in  rapid  motion. 

A  condtictiir  terminating  in  a  point  can  be  only  feebly 
electrified,  because  the  electrical  current  escaping  from  the 
point  rapidly  relieves  the  charge.     For  this  reason,  when  a 
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conductor  in  nH|uiref]  to  bold  iltf  eloctrlual  charge,  it  must  be 
gtrea  a  form  as  nearly  round  as  possible,  by  the  romuval  of  all 
shurp  edges  and  corners.  If,  mi  the  tymtrary,  it  is  desirable  that 
it  sliall  lose  its  eltwtxicity  with  readiueiis,  it  is  provided  with 
pointa.  Flames  and  currents  of  ttmoke  risuig  from  smoiitdering 
masses  atrt  similarly  to  jKiiiits. 

162.  Coolomb's  Law.— Cuiilomb  (1788)  determined  the  force 
with  which  two  email  electntied  bodies  mutoally  repel  and 
attract,  by  meang  of  a  torsion  bala-iioe,  oimilrHcted  by  himself 
(ef.  52).  He  BHspended,  by  a  deli- 
cate silver  wire  (glass  or  quartz 
fibre),  a  horizontal  bar  nf  shellac 
(Fig.  lUD),  which  earriod  at  its  ood  a 
light  gilt  ball  of  pith.  The  l>ar  was 
fliiBjiondiM]  within  n  glass  cylinder, 
fruui  the  cover  of  which  a  vertical 
glass  tube  rose,  thruugh  which  the 
suspending  wire  was  ]>ftssii(l.  The 
ppsition  of  the  bar  was  read  from 
a  graduated  circumference:-  about  the 
middle  Hone  of  the  cylinder.  The 
glass  tube  was  provided  above  with  a 
metallic  cap  carrying  a  circle  whose 
circiunference  was  graduated  into 
<iegre«ii.  \i\ion  this  caj)  w&s  fitted  a 
movable  metallic  plate,  provided  with 
an  index  at  its  edge.  Tn  this  plate 
the  siisi>endiu^  libre  whk  uttacbed. 
Through    a  bule    in    the   glass   lid. 
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handle,  »  second  etjual  ball 
linit.  When  the  lixed  ball  was  electrilied  uiul  brtiu;<ht  in 
contact  with  the  movable  ball,  the  latter,  beconiiug  similarly 
electrified,  watt  rejiellBd  by  the  former.  The  horizontal  bar 
turned  end  tMintecl  the  thread  tinnly  fastened  at  ilt;  upper  end 
until  the  fi>rce,  which,  by  virtue  of  toraioual  elasticity  (cf.  52), 
rcaistcd  the  twixting,  held  the  force  of  repntsion  in  eqni- 
libriam.  To  bring  the  movable  ball  nearer  the  fixed  ball,  the 
iip|>er  metal  plate  had  to  be  rotated,  thereby  twisting  the  wire 
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stiU  more,  and  the  angle  of  rotation  was  read  from  the  gradn- 
ated  head  above.  With  the  balls  at  rarions  distances  apart, 
the  electrical  force  of  repulsion  was  measured  br  the  elastic  force 
of  the  twist  which  held  the  foimet  force  in  equilibrium.  The 
elastic  force  was  known  to  be  proportional  to  the  angle  through 
which  the  suspending  fibre  was  twisted,  therefore  proportional  to 
the  sum  of  the  angle  formed  by  the  displaced  bar  with  its  poeiticHi 
of  eqnilibriom,  and  the  angle  through  which  the  torsion  head  was 
turned.  WhentheinitialdistanceftomthepositionofeqailibriiiiD 
was  1,  and  this  had  afterward  been  reduced  snccessively  to  ^ 
and  1  its  value,  the  corresponding  twists,  and  accordinglr,  also, 
the  forces  of  repalsion,  were  as  1  :  4 :  16,  t.&  inresely  as 
the  squares  of  the  distances^  The  law  of  attraction  for  uttWce 
cbargee  of  electricity  was  found  to  be  precisely  the  same. 

i£,  in  this  same  way,  the  forces  with  which  the  fixed  ball 
repels  the  movable  ball  at  a  fixed  distance  are  determined  after 
having  diminished  the  charge  of  the  latter  by  contact  with  an 
equally  large  unelectrified  ball  to  ^  and  then  to  ^  i^  the 
original  cha^;e,  it  is  found  that  the  repelling  forces  aie  as 
1  :  ^  :  },  therefore  as  the  electrical  masses  operating.  This  is, 
moreover,  obvioos  on  recalling  the  definition  of  electrical 
mass  as  given  above  (155). 

We  have  then  the  law  of  Coulomb :  ITie  forte  with  wkieh 
two  deetrieal  paHicUa  act  upon  each  other  ia  diretily  proportional 
to  their  deetrieal  mosaa  and  imtersdy  proportional  to  the  iquares 
of  their  distances. 

Coulomb  confirmed  this  law  by  a  wholly  different  method. 
He  suspended  by  a  silk  tibtC',  near  a  large  insnlated  metallic 
ball  charged  with  electricity,  a  horizontal  bar  of  shellac  at  the 
height  of  the  centre  of  the  large  ball  To  one  end  of  the 
horizontal  bar  he  attached  a  small  oondneting  ball  charged 
with  electricity,  opposite  in  kind  t*.>  that  on  the  large  balL  The 
bar  moved  in  the  direction  of  the  centre  of  the  sphere.  It  can 
be  shown  that  if  the  law  of  inverse  squares  of  the  distance  holds, 
the  entire  electrical  mass  must  act  jost  as  though  it  vete  con- 
centrated at  the  centre  of  the  sphere.  If^  after  reaching  its 
position  of  equililffioia,  the  small  ball  be  drawn  slightly  out 
of  this  pcpeitMHi,  it  will  vibrate  aboat  it  in  accordance  with  the 


ShECTBIClTT. 


28& 


laws  of  the  pemliiluin,  bnt  more  slowly  the  further  it  i« 
removed  fruiii  tli»  )»rge  hall.  Hy  the  aid  i>f  a  chrouomct«r 
Coulomb  coiiiitod  tliu  nnmlter  of  >'il>ration8  in  equal  timcfi)  and 
aaeasiired  m  eat-h  case  tbo  distance  fri>m  the  bar  to  the  centre 
of  the  spliere.  Awonling  U*  tht>  law  oi"  the  pfndnlum  the 
forces  are  as  tlip  squares  of  the  niiniber  of  Tibrations  (40).  The 
ratios  of  th"  forces  acting  at  the  various  distaJiCKS  weru  thus 
deteroiinahle.  It  was  found  tliat  they  were  to  one  smothor  in 
the  iuvcrtie  rutio  of  tho  etiuuroN  of  currespoiiding'  distancos. 

Both  witli  the  torsion  balaiipc  and  with  tho  method  of 
vibrations,  the  loss  of  ele<'tri('ity  dnring  tho  experiment  acted 
at*  a  dixiurlfaiu^e.  Coulomb  ntLt,  however,  able  with  the  torsion 
balance  to  determine  and  allow  for  this  Idhn,  and  thert^by  to 
remove  every  objectiuu  to  the  validity  of  this  unjiortant  fiiiida- 
iQontal  law  of  the  action  of  electri<-al  forces. 

Cotilomb's  luw  ie,  liowtvw,  much  mora  caiily  and  accutmtely  »I)Own  W 
ilie  nriticiiile  now  Iti  bo  proved,  tlia^  tbe  clcctriou  char;go  U  wliully  upoa  tt© 
KiirMco  of  a  conductor,  and  that  at  orcry  point  on  tlic  Ulterior  the  electrical 
forces  taiituall}'  destroy  oach  oihcr. 

lljioo  tho  BurfacD  of  a  Hi'licro  obctn'citj  is  distributed  with  iimfoRn  denHilj. 
Conceive  now  that  tliroiigh  any  point.  I',  cf  tbu  iotorior, a  alcndcr  double  cone 
Eb  puBod  with  iu  vertex  nl  1'.  It  vrill  intercept  upon  the  soHace  of  ttio 
RphMC  t*0  rarfaceis  <r  oiid  v',  wIiubo  ama  ikre  to  each 
olhor  H  tho  iiquaruH  of  Uinr  dititiuices,  r  and  r",  from 
tli«  point,  I'.  Tlie  cIcciHcal  niansea  ivlt])  which  they 
are  charj^  are  in  Ute  iiaino  ratio,  and  act  propor- 
tlonallr  t«  tbeit  nm^iitudm.  and  in  opposite  din-rtionil, 
apOK  an  electrical  pai-ticic  nitualcd  at  P.  Since  niiiili- 
bnaiD  maintniiiK  at  P.  thi<  tAi-u  cippuiito  forcei  tiinst 
e(|niJ  «arb  oilier.  This  cmi  only  b«  [loasihle  whea 
111*  greater  nlectrical  nuuw  [at  o")  la  weakened  in  ccn- 
MqiMiioe  of  Ita  ((r«at«r  dfotance  (r')  In  th«  invene  ntio 
of  r*  1  r.  The  action  of  el*otTi»-'a1  niasHeii  moBt.  there- 
fore, be  in  lie  invenie  raliu  of  lhL>  squares  of  their 
(UBbncea. 

If  «  and  /  denote  tho  electrical  mawvN  of  two  wnall  parUclcii  separated  by 
a  diatance  r,  and/ signify  a  posilivvi  coiikUhI  depeuding  upon  the  choice  of 

the  nntt  of  clcctricol  mnw,  the  force,  Y,  wilt  be  es.prMBed  by  F  =/.— .     If 

bath  electrical  inuates  are  of  thf  Mtmo  kind,  F  is  poailive,  and  deootei  a 
repeDent  force  twiding  to  iiepartio  llie  particles.  If  the  electricities  are 
of^ocito,  V  ia  negativa,  aod  daiiotce  as  attractive  force  tending  u>  diniitiiah 
tlu  diatance  between  tfaeni. 


Flo.  140.— Ouulomb'n 
Law. 


If  for  the  unit  of  electrical  maas  we  9e]ect  tbat  mass  which, 


1X6 


EXPEBmEHTAL   PHYSICS. 


acting  upon  an  oqtial  mims  at  a  ilistanco  1  (I  cm.),  oxorts  ft 
force  of  1  (1  dyne). /=  1,  and  Cmilorab's  law  assumes  the 
following  simple  form : — 


163.  ActLoa  of  an  Electrifled  Sphere.  —  It  follows  from 
Coulomb's  law  that  a  aphert,  over  whose  surface  clectrioity  is 
uniformly  dislributod,  acts  upon  nii  electrified  point  m  though 
the  entire  electrical  mass  were  coodeiuted  at  the  centre  of  the 
sphere  (cf.  45). 

Let  tlio  cstemul  point,  P.  ho  sii(iut<«I  at  ft  dtstnnco,  OP  =  r,  from  tlw 
centre,  0  (Fig,  HI )  ot  the  sphere.   Let  a  <wiio  l>e  described  having  ft*  vortex 

«L  P  and  Ukoffcnt  ta  the  *ph«r«  (*'.«.  iho  torn 
PQQ),  ita  b*u,  QQ',  urill  tiitersMt  lbs 
6tr«ight  lino  OP  iu  P-  Tlit-  radiiw  OQ  =  It 
intkflriAniMiiproportionAihcifweeiiOl''  =  r" 
nnd  OP  =  r,  »>.  wo  have  r  ;  El  =  It ;  r.  If 
now  M  roi>iv»eiit  anyi-oint  Hpon  thesmffico 
of  thi?'.'{>)i«r?,  and  its  dbtAitco  &om  V  is 
PM  =  p.  nnd  frwm  P'  is  P'M  =  f'.  then, 
feiinx'  OM  =  OQ  =  B.  tU  ttiauRlcB  0PM 
Flo.  HI.— Action  of  R  Spbora-      And  UMI"  muni  bo  nltnilftr.     llic  niigle 

OMP'  will  (tivn  equAl  the  utsle  0PM  <=  *. 
IiuaKuiu  a  cono  of  v«iy  amall  opening  lu  bu  dniWD  witli  its  vertex  at  V. 
Denif^ate  tho  tnirTaGe  alaraaat  of  a  spbers  <laocribed  about  ]*'  aaacenlmviUia 
radiiiti  1  byth  'rhoaraaoftbeportionofthenirfaooornsplivrG  iiicladed witbln 
tim  cone,  haWng  its  ccnlro  at  V'  and  itn  radius  p',  will  then  ho  fi"^.  Let  llto 
surface  clomcnt  iaUrccplcd  ott  Uiv  givun  »phcrD  nl  M  by  the  tutmci  cona  bo 
denoted  \ty  a.    Since  t!i«  ntnught  llnea  P'>I  nod  0)1.  dntnn  pcnicndimitar  to 

tliu  Hnrfaco  elemcnti  p'"*  anil  r,  rnnn  with  C4c1i  oihrr  tin;  hiikIc  # ,  wo  bare 

<■( 

0  =!  - -*  .    If  i  ia  ttie  electrical  ileHsitr  uixdi  tbe  sphere,  and  if  a  unit  of 
COB*  /     I  I  • 

eioctrical  mniw  i«  iiitnntKil  at  tiio  point  P,  Iho  forutf  exorted  lij'tfae  mrfiica 

dament  at  M   ujiuii   Uie  point,  P,  in  the  direction,  MP,  is.  nccording   to 

CaiiloiDb's  law— 

p*  ~  p*  ClW  ^ 

DecomMBing  this  foTtio  into  two  campooents,  one  perpendicular  to,  and  tito 
other  along  OP.  Uio  former  will  be  rloslroyfrl  by  the  opposite  compOMnt  dua 
to  tiia  poiat  M',  *ttUAt<^  lymniAtrically  to  M,  nsd  thv  cotupouenl  along  OP 
win  ba  Totind,  hy  mtiltiplylng  iho  foregoing  axprossion  by  cos  *,  to  be  e<|ua]  to 

'■~-j-'    From Iho  aiiailarity  of  tlie  triatiglea OUI"  aod OI'M,  wo  Imto  9'  :p  = 


R :  r,  and  tills  campoiient  equals  abo, 

To  obtaiu  the  total  force  actioK  upon  P  alons  OP,  it  in  only  necosanry  ta 
add  tiic  cones|«>udinK  conipoucutn  tW  all  jwinta  w  Iho  suriaue  of  the  sphere. 
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W«  obtain  then,  insteai)  of  tho  Iatt«r  exprcasioo,  Uie  etim  of  nil  the  «lera«nt9 
of  surfitco  of  a  iipliorc  dt^cribotl  alxiiit  1'  witli  ntdiiis  iioitj',  Lr.  Ihi?  complvto 
nirfikeo  of  thin  uphon*,  irhich  ciinal*  4*. 

The  force  exerted  by  the  *|ilterc  upon  the  [mint  T>  ij^  therefore, 


F  = 


4*R<3 


or,  dnee  -lirR'  is  th«  surface  ol  th«  pven  «phero,  and  c»nft»qnoiitly  IvB^ 

expresaes  the  electrical  nui8H,  E,  djatribiited  over  tlia  onliro  cphciv,  P  =  Jit 

in  which  i^qiulian  the  abavo  prapoiiition  w  conlniaod. 

At  lh«  Kiirfucu  of  the  «[)hcrc  r  =  II.  an<l  tlio  furce  acting  ii)>au  the  unit  of 
electrttal  mw»  U  F  =  4rB.  If  Ihii  oltelricit/  be  conceiTciI  na  it  layer  of 
extrenxly  low  deiinity  upon  thu  mirface,  F  =  4«B  In  then  the  force  netiiit;  upnn 
n  |ioint  of  the  eicteriar  Hnrfuca  of  the  layer  nml  chsiged  vith  n  uiik  of 
electrical  muss  upon  xtn  inlemal  surface,  i.e.  upon  the  conductor  ilKelf  Ilia 
force  is  2ero,  as  alaa  thTDU<;hout  tlie  interior.  Witliin  the  Inyur,  huwever,  riia 
tonx  inorauna  caQtiniiai»>ly  from  the  Vftlue  0.  Kt  the  Kiirface  of  tlie  cu^ntlurtor. 
to  the  niliio4*t,  tipun  thv  outer  limit  of  ilio  layer.  Upoa  Ui«  ekctriotl 
■lui  S,  diHriIiiil<.-[1  iJvtT  cliu  Hupcrficiiil  oiiit  uf  tlio  Liyer,  a  foroe  of  Inter- 
medfaie  raluo  between  0  and  4r)  will  act  If  woaMnimethit  this  intermediats 
nine  is  the  arithmetical  lecari  2«A,  tlio  electroittatio  piroMnro  exerted  upoii 
Uio  electrical  charge  per  Auporfloial  unit  of  area  equals  irP,  Tbeso  ralues  of 
fime  and  praseure  nt  tha  tiiirCtea  hold  not  only  fur  the  <q>here,  hut  witli 
complete  generality,  fornny  form  of  coDdnctor. 

164.  Electrical  Fiold — Tension  (Potential)  —  Eqaipoteatial 
Sttrfkofts — Liaci  of  Eoret. — The  regiun  witliiii  wbicli  the  tuHuonou 
of  the  electrified  body  is  exortod  is  caUod  the  oleetrical  field, 
and  the  force  acting  at  one  nt'  '\\s  [wintti  ti[)oti  unit  elec- 
tiiceil  mMs  in  called  the  iutenntty,  or  .-itrengtb,  tif  the  tield  at 
that  point  Strictly  speaking,  the  field  is  of  infiDite  ext«Qt> 
but  it  may  be  regarded  as  limiteil  by  those  puints  at  suuh 
distances,  that,  according  to  Coulomb's  law,  the  action  of  the 
electrical  foreeg  becomes  iinperoeptibly  gniall. 

Imagine  a  positively  oloctrified  Ijody.  and  at  any  point  of 
it»  field  a  particle  charged  with  a  iinit-uiiLHs  of  positive  elec- 
tricity, then  the  electrical  chnr;::*'  of  the  sphere,  which  iH 
rcgatdftd  at4  oioiir^tant,  while  repelling  the  electrical  particlo  to 
the  outermost  limit  of  the  field,  performs  a  detinite  quantity 
of  wfwk.  The  trork  renuired  tti  carry  the  electrified  particle 
agUDst  the  ie{»ellent  force  from  the  extreme  limit  of  the  field 
l^tberefore,  s^icaking  strictly,  fmm  lUi  iutiuito  di.stuuce),  or, 
generally,  &om  a  point  of  the  Gold  where  the  uctiou  \a  imper- 
ceptible, to  its  original  poaitioa  ia  precisely  equal  to  the  fonner 
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work.  This  work  ifl  tho  lucaaure  of  the  electrical  capacity  of 
the  poteuliiU  energy  existing  in  this  i>arl  of  tlie  field.  It  Ia 
called  the  electrical  tecsion,  or  the  electrical  potentiRl  at  this 
|ioint  For  all  jwima  wbich  are  at  the  same  dietanco  from  thi* 
oentre  of  the  sphere,  ur  at  the  same  U-vtJ  wllh  i-eapoct  to  the 
tnrfaofl  of  the  sphere,  the  electrical  potential  ha.s  nlnioiuly 
the  Hune  valite.  li  aperies  of  spherical  siirface«  Iw  duscribcil 
about  the  elentrilio^l  Hphere,  each  with  a  *liatnotcr  greater  than 
the  preceding,  they  will  reprcsi-nt  all  the  »«iirfaces  nf  efjuaJ 
potautial,  or  all  ei{Uifotential  fur/aeea.  IT{m>il  each  one  of  iheiiH 
the  tension  hH.«  ever^'where  the  same  valne.  hut  it  increases  in 
iiaaaiog  from  one  to  miothcr  Uiwanl  the  cicctritiod  sphere. 

To  move  an  eloctritied  particle  aionff  an  uijui potential 
Aurfaoe  reiiuircs  no  cxponditnro  of  fonn?,  for  the  only  repellent 
force  which  L^tuld  resist  displacement  (from  the  .'symmetry  of 
the  body)  oL-ts  directly  from  its  centre,  and,  I'onsetpiently, 
perpendioularly  to  the  s|)herical  eijiiijx)t«itial  surfaces.  On 
the  other  hand,  to  I'arry  a  particle  /rom  one  oi|uij>ottiDtia] 
surface  to  another  a  certain  ipiantity  of  ntirk  must  he  [>erfonii(x]. 
or  a  i-ertain  quantity  of  work  ia  comnuiiod.  This  work  is  eqi 
to  the  dtRVn-'nce  of  the  corresponding  values  of  the  jtotentja], 
regardlc^  of  the  path  along  which  the  particle  passes  from 
one  siirfatx*  to  the  other. 

But  this  is  not  alone  tnie  of  the  simple  oue  of  the 
ephore.  which  lia»  been  the  only  i-ase  thus  for  considered. 
Hovsuever  the  electriticd  bodies  may  bo  constituted,  or  dt 
Ike  distribution  of  tens:ti>n,  or  |M)i4>utial,  in  their  fields  mayl 
alwaj8  be  represented  by  a  serie^i  of  such  equi  potential  sorfaoes. 
Tb«»e  surfaces  are.  hnwever.  in  general  not  iipherical,  but 
run-ed  surfactM  «f  various  form^  If  lines  be  conceived  as 
dnwti  M  as  to  pierce  the  sucoeaaive  AtifiioeB  everywhere  at 
right  angleei.  each  of  ih«ie  lines  will  represent  the  direction 
of  the  force  al  its  jxiint  of  iulenwction  with  ibo  surface.  For 
Ihk  reasnn  tbeae  lines  are  called  lines  uf  fbree.  In  the 
eftka  s^ere  the  liut«  of  force  are  atraight  lines  radiating 
A»  «aAti«.     In  ureuenJ.  hoirever.  they  nrc  curved  linea. 

U  th«  dirwtiou  and  nia^tude  of  the  force  everywhere 
the  field  an*  the  same,  the  linei  of  hxct  aie  ]i«raUel 


ELECTRICITY. 


28ft 


8lr8igljtlim'K,aji(l  tlie  puleiitiHl  siirfw^esarp  planes  perpenili(nil«r 
to  them.     Tlie  field  in  then  hbIiI  lo  \*v.  homogeneous. 

165.  Fall  of  FoteatioL — The  fall  u\'  [xiteiitial  at  ajiy  puiut 
•if  the  field  is  the  ratin  of  the  »tiuill  lUITercuce  nf  the  valueit  of 
the  potential  at  the  eud?  of  a  shoil  line,  to  the  length  of  this 
line.  It  <?xprt?BHew  the  tim^iiitiicle  of  thu  elflt^tricral  fiirce  m*ting 
at  the  end  of  the  line  lu  the  direetitm  of  the  line.  It  ui 
greatest  in  thf  'lirLvMioii  *»f  the  lines  of  foR-e.  for,  in  this 
direction,  the  full  strength  of  the  foree  operates,  while,  in  any 
other  direction,  only  a.  component  of  the  fnll  force  is  effective. 
The/orf?  of  fMfentinl  and.  conBfi|iiently,  also  tbe  foice.  in  the 
direction  perjiendieular  Ui  the  direction  rif  the  lines  of  tnnv, 
ij'.  along  the  equipotential  surfaces,  is  0. 

In  conaequenoe  of  the  fall  of  potential,  freely  nno^-ing 
:!«»  of  positive  electricity  jiuss  oontiniiully  from  points 
of  higher  to  point*  of  lower  iwtentinJ,  just  as  initer  always 
flone  from  a  higher  to  a  lower  level  when  under  the  inHiience 
of  gravity  alone. 

166.  Equilibrium  in  Conductors. — AYhen  ti  coiidni'tnr  ha!> 
attaine<l  a  condition  of  eleetric-ul  e({uilibriiim,  no  further  motion 
of  the  clectri(-«l  [tarticlcii  occurs;  the  electrical  fon'cs  and. 
uecordingly,  also  tie  electrical  potential,  are  ovorywhoro  0, 
Thii^  merelv  snvs  that  in  a  [Mwition  of  eiiailihriuni,  every 
|ioint  in  and  u{>on  a  conductor  has  tbe  same  jKiteutial,  or 
upon  the  conductor  the  jKitential  is  everywhere  consUuit.  The 
Qle<-tric^I  charge  always  arniliges  itself  upon  the  surface  in 
Hitch  way  as  to  make  the  potential  the  same  throughout  the 
entire  conductor.  The  mrface  of  the  conductor  is,  eoii»6(|uent  ly, 
in  case  of  equilibrium,  an  equipotential  surface. 

167.  Dielectrics. — Since,  on  the  interior  uf  conductors  in 
w^uilibriuiu  no  fall  uf  |)otential  and,  accordingly,  no  force 
exi«t£i.  Lines  of  force  do  not  extend  into  the  interior  of  con- 
cltictocs.  They  are  distributed  only  within  surrounding  non- 
eondnctors,  and  always  proceed  from,  or  end  at  tbe  surface 
t»f  the  conductors  to  ivhieh  they  are  perpendicular.  So  soon 
as  ecjuilihrium  iti  established,  therefore,  tbe  electrical  Held 
ooiupriaca,  not  the  space  occupied  by  the  conductors,  but  only 
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that  s[iiu»  trliicli  is  uomposod  entirely  (if  Te{;;i(>iis  coiitaiitiug 
inmilftiing  substanoea.  For  this  reason  Faraday  lias  cAlleil 
uiiri-cnuitiK'tdis  dieleelrifn,  lo  iiiilu-aU'  thai  electriral  fort'OK 
exist  witliin  tlieni,  and  are  trauKiuitted  truru  partible  to  particle 
throiifrli  tlioir  masses. 

168.  Electrical  Capaoit;. — If  an  electrical  ooanectiou  is 
m&da  between  two  conductors  of  difTereut  electrical  poteutiaK 
jwsitive  electricity  "'ill  flow  from  tlio  body  of  higher  jioteutial 
to  that  of  lower,  until  tlic  potential  upon  both  bodies,  iiow 
acting  as  a  sinple  rondnctor,  i«  everywlierp  the  same.  This  iit 
precisely  analogiHiH  to  the  case  in  which  twH  vessels,  filled  with 
water,  arc  connoi'-tetl  by  a  tube  in  nbidi  ths  water  soim  assouieit 
the  eamo  l«rol  in  both. 

But,  jnst  ai«  a  vessel  of  greater  capacity  must  eoutaiu  a 
greater  qtiantity  of  water,  if  1itl»d  to  a.  given  level,  so,  also, 
f<ir  exumple,  a  splitrrt;  uf  greater  radiu.i  retiuiros  a  greater 
ij^uautity  of  electricity  to  charge  it  to  a  definite  potential  than 
IB  required  by  a  smaller  sphere,  i.e.  the  larger  sphere  baa  a 
greater  electrical  eapof^ity.  By  the  electrical  capacity  of  a 
conductor,  we  mean  the  <iuanlity  of  electricity  which  is 
required  to  raise  its  potential  by  one  unit.  The  quantity  of 
electricity,  E,  rwjnired  to  charge  a  conductor  to  a  dcfinile 
potential,  V,  is  then  equal  to  tbe  product  of  its  capacity,  O. 
into  thia  potential,  or  £  ^  CV.  It  nmy  also  be  said  that  the 
capacity  of  a  body  in  the  ratio  of  the  quantity  of  electricity 

upon  it  to  it«  potential,  or  C  ^  y 

Tlie  eartl)  acts  an  a  reservoir  of  such  enormous  ca^iecitv 
that  all  qHiuititiea  of  electricity  artificially  produced,  when 
distributed  over  itts  surface,  cannot  appreciably  raise  its  potential. 
Its  capacity  is,  so  to  sjieak,  infinitely  great. 

Tbe  idea  of  electrical  cajiacity  is  allif;d  to  that  of  thermal 
capacity,  i.e.  the  ipiautity  of  heat  required  to  raise  the  tempe- 
rature of  a  lujdy  by  1°  G.  While,  however,  thermal  cjijiacit)' 
is  de|»endont  only  upon  the  weight  and  material  of  tlte  body, 
electrical  capacity  is  independent  of  the  conductor.  It  depends 
rather  upon  il^  magnitude  and  form,  and,  as  wo  shall  soon  see, 
it  is  further  iiilluenctid  by  the  presence  of  other  conductors 
nithin  the  Held. 
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199.  Values  of  Fotwitiftl  and  Capacity.— The  potential  at 
»iiy  poittt  of  a  field  cannot  be  determined  absolutely.  The 
(UfTcronoe  of  its  i>oIeiitiaI  from  that  of  the  earth  ia  what  »e 
always  seek  to  aacertaiii,  the  electrical  teusion  of  the  earth 
being  assumed  as  0,  JTtst  as  the  altitude  of  a  station  is  referred 
ti>  the  level  of  the  8ea,  or  teiiipemtiire.  to  the  ineltiug-pnint  nf 
ice.  A  positively  ele<^trified  body  has  then  a  positive  potenlial 
(i.a.  above  0),  and  a  negatively  electrified  body,  a  negative 
imtential  (below  0).  If,  for  example,  a  nej^atively  electrilieid 
body  is  in  electricaJ  eontientinn  with  the  earth,  positive  elec- 
tricity flows  over  upon  it  from  the  earth,  whose  potential 
ifi  higher  (zero)  than  that  of  the  body,  nntil  the  electriti(i!<] 
body  has  bccomo  neutral,  having  also  assumed  the  potODtinl 
MTO-  Kvery  pondnctor  Avhich  is  connected  with  the  earth 
{put  to  (iround)  \\an  a  item  ])otential. 

The  value  nf  the  potential  of  the  elec^trified  moss,  r,  cttn- 
sidered  as  condenwd  intci  a  point,  upon  a  t«cond  point  at 
uhich  the  unit  of  electricity  is  situated,  and  at  the  distance 

r  from  tlie  first,  ia  -  ■ 

Tho  deotricd  roau  e  net*  upon  Uie  cloctricnl  unit  at  th»  diBUn»  c 
According  to  Uoulomt/^  liiw,  wilb  a  forco  -^  and  pcrTorms,  whilo  displitcinit 
Uic  anlL  by  tke  very  small  lUstancv  r|  —  r,  to  (Jib  diHtanct:  r„  Uii!  work 


«(r.  -  r) 


IC  bow«rer.  an  wut  oMinmed,  r,  b  but  little  greater  than  r,  in 


plaee  of  f",  tbe  nroduot,  r>-,,  may  Ik>  nncd,  wiili  an  error  whtcli  licoDmcit 
niaUar,  the  anudkr  tlie  dislani^u  r,  -  r  in  ukan.  This  work  iiiny  \>v  Uhim 
«xpro8Kd — 


If,  nftw,  the  porticlo  be  iDored  by  nicccsBiTV  etcpn  from  r,  to  r^  r,  to  r^,  . ., 
finally  ftotnr,_,  tor,,  tlie  total  work  piTformcd  equals  tlio  »afn — 

V      r,      r,      r,      r,     r,  r._,      rJ      \r      rJ 

WIi«ii  the  di<(tjuic«  r.  bwoniM  infinitely  greal,  then  -  =  0.  and  iho  mwk 

which  the  e!«rtn'c«]  mtua  t  iicrfoniis  in  rouolliog  the  elodncal  unit  to  an 
uiluiit«  distance  (bo  the  limit  of  the  Bold),  and  which,  on  the  other  hand,  mutl 
bo  expended  to  carry  th«  eK-ctricd  unit  from  on  inHnite  dirtancc  to  r,  or  tlie 

potential  V  =  -. 
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If  any  ntimbar  of  electrica!  masses,  e,  e,  e", ...  act  over  distaoces  r,  r",  r'„ 
.  .  .  upon  a  point  charged  with  the  ma-^-nnit  of  electricity,  the  potential 
at  this  point  is — 

v=t.|;.-......i. 

Since  a  sphere  acts  upon  an  external  point  as  though  its 

entire  charge,  E,  were  condensed  at  its  centre,  its  potential 

E 
npon  a  point  at  distance  r  from  the  centre  is  Y  =  — ,  jnovided 

r  is  greater  than  the  radius  of  the  sphere.     At  the  snrfiKce, 

where   r  =  B,   and   also   everywhere   upon   the   interior,   the 

E 
potential  has  the  constant  ralne  given  by  V  =  ^• 

The  charge  on  the  sphere  is,  consequently,  E  =  BY,  whence 
it  follows  that  the  capacity  of  the  sphere  eqnids  its  ladins  (168)- 

170.  Energy  of  the  Eleetiie  Charge. — While  an  anelectrified 
insulated  conductor  is  being  charged,  a  continually  increasing 
amount  of  work  is  required  for  every  later  addition  to  its  elec- 
trical mass,  since  the  added  electricity  snfTeis  repulsion  from 
that  already  present  That  work  is  required,  is  evident  from 
the  consideration  that  the  potential  of  the  body  must  increase 
from  its  initial  value  0,  to  its  final  value  Y.  Since  the 
potential  increases  directly  as  the  charge,  the  work  perfonned 
per  unit  of  electrical  mass  will  be  ultimately  the  same  as  if 
the  body  maintained,  during  the  entire  process  of  electrifica- 
tion, a  constant  potential,  equal  to  the  arithmetical  mean 
between  the  Initial  valne  0  and  the  final  value  Y,  vis.  ^Y. 
For  the  electrical  unit  this  work  is.  accordingly,  ^Y,  and,  for 
the  electrical  mass,  E,  W  =  ^YE,  or,  also,  since  E  ^  CY 

E^ 

(C  being  the  capacity  of  the  conductor),  W  =  JCY^  =  ^tt- 

This  work,  in  a  sense  stored  up  in  the  conductor,  and  given 
out  by  it  again  (e.g  as  heat),  as  soon  as  the  condactor  returns 
to  its  unelectrified  condition,  is  called  the  energy  of  the 
electrical  charge,  or  the  potential  of  the  conductor  upon  itself. 

17L  Eleetrieal  ladBctioB,  or  Inflsenee. — If  an  unelectrified 
conductor,  sueh  as  the  inanlatad  cylinder  of  Fig.  142,  is 
brought  near  (into  the  field)  of  an  electrified  body,  e^.  a 


BLECTmClTY. 


293 


poutiroly  charged  metallic  spliero,  the  latter  body  becomes 
fikUo  electrified  under  the  influence  of  the  former.  This  modu 
of  eleotriliciitioQ  is  called  indiidhn,  or  infiuentre.  That  the 
second  bwly  beoomes  olcctritiod,  is  readily  seen  by  attaching 
the  endii  of  ittrijNji  of  gold  foil  to  the  tipper  surface  of  a  hori- 
noDtal  cyliiidop.  When  tbp  cylinder  is  in  n  iiuntral  imudition, 
the  dtripti  uf  foil  lie  motionless  upon  ita  surface.  When  an 
electrified  sphere,  however,  is  brought  near  the  cylinder,  the 
slri]M  are  rejielled  by  it,  nnd  assume  au  nprigtit  position  upon 
its  KurfaL>e.  The  rejnilsion  m  »<tronge-st  near  the  ends  of  tlie 
cylinder,  and  U  wholly  wanting  about  a  zone  lying  between 
the  nearer  end  and  the  middle  of  the  cylinder.    This  is  called 


(^ 


Pro.  14:!.— Inilaction. 

the  BOM  of  indifference,  or  the  mvtral  torn.  If  an  excited 
rod  of  glas!!  is  lowered  toward  the  strijw  of  foil,  those  lying 
on  the  side  of  the  nmtrai  sone  towanl  the  electrified  sphere 
will  be  attnu'led  by  the  rod,  and  thuse  beyond  thi»i  zone  will 
Iw  repelled  by  it  The  nearer  end  of  the  cylinder  is,  therefore. 
charged  with  electricity  opjiosite  to  that  of  the  indnraug 
charge,  and  the  remote  end  with  electricity  of  the  same  kind 
as  the  indncing  charge,  or,  tlie  remote  end  is  poBitively.  and 
the  near  end  negatively  electrilied. 

The  electricity  attracted  U)  the  nearer  end  is  called  iixdwed 
deetricUtj  of  thafirO.  kind,  and  that  repelled  to  the  remote  end, 
ladueod  deetrieitif  of  tlu  aeeond  kind. 

The  density  of  the  induced  clectricitie!<i  is  greatodt  at  tb<^ 
«lMla  of  the  cylinder,  diminishes  continuunsly  thence  toward 
the  nentml  xnne,  where  it  h  zero,  as  can  lie  readily  tthown  by 
means  iif  u  ptiKil'  plane. 

The  itecond  conductor  also  rencta  «i>on  the  first,  and  no 
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alters  the  distriluttonof  its  cloetrioity  that  the  greatest  (leiisity 
ocoiiTB  at  the  point  nearest  to  the  seconii  <-«niluctor. 

To  insure  e(][uiUbriijm,  the  elei'tTicity  uiunt  be  sii  ilistri' 
biited  apoD  both  cdiiductors  that  the  efl'ect  of  the  boily'«  own 
electricity  ui»on  eft.-h  of  its  pciints  w  it|»p»->sitely  ohuaI  to  tho 
effect  of  the  electricity  of  the  other  body  upon  the  same  point. 
It  foUowa  then  that  the  electrical  force  at  every  point  of  the 
Ixuly  i*  zero,  or,  that  the  potential  upon  each  vt  the  conductors 
is  constant.     Upon  this  depeuiU  the  true  nature  of  induction. 

If  the  inducing  btxly  is  remoyed  from  the  vicinity  of  the 
cylinder,  or  if  its  cbari^e  is  led  vS  by  touching  it  with  the 
Kiiger,  the  cylinder  roturus  again  to  ita  original  neutral 
condition,  ua  h  readily  apparent  from  the  falling  of  the  tttrips 
of  foiL  The  two  opposite  induced  electricities  arc,  therefore, 
produced  in  equal  (juaiititiea,  ami,  after  iIik  oes»atiou  of  the 
inducing  action,  they  completely  neutralize  each  other. 

173.  Electrification  by  Iadactifra.^If.  while  a  conducting 
btidy  is  under  the  iritluence  of  an  electrifted  conductor,  it  is 
connected  with  the  earth,  by  tuuchiug  it  with  the  tinger  or 
other  cmiductur,  the  electricity  uf  the  second  kind  e!t(^KpeK  t<t 
eurth  and  the  gold  fuit  at  the  fiurttier  end  Niuks  quietly  Jon-» 
upon  the  enrfece  of  the  body.  The  iuduceU  electricity  of  the 
first  kind  remains  and  is  seen  to  collect  about  the  nearer  end 
of  the  cylinder  to  still  greater  density,  for  the  strips  of  foil 
riae  here  into  mure  nearly  vertical  {Kjsitious.  It  is  wholly 
immaterial  where  the  conductor  is  touched.  The  induced 
electricity  of  the  first  kind  will  not  escaj.*  even  if  the  nearer 
end,  where  the  cbaige  la  donuctd,  i-s  touched.'  It  cannot  e8c»[ie 
iiuumucb  as  it  is  needed  to  maintain  c>iuilibrium  upon  the 
surface  of  the  eylinder. 

If,  al'ter  conneetion  with  tlic  earth  has  boon  broken,  the  in- 
ducing couductor  is  removed,  the  induced  electricity  of  the  first 
kind,  i.e.  the  negative  electricity,  distributes  itself  over  the  entire 
conductiir  in  accordance  with  a  law  of  density  de|)emling  upon 
the  form  of  the  conductor.  The  strips  of  gold  foil  now  two  at  < 
both  ends  with  equal  vigour.  The  strij>8  at  both  ends  are  charged 

*  fw  thia  reB^n,  it  was  fonn«Tl.v  tbe  cnatoin  to  ny  that  tho  ctcctricElr  of 
tbo  lint  kind  i*  (Miicf  hy  tho  attraction  of  iho  inducing  clmrgc. 
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wiili  uegative  electricity,  for  an  excited  bar  of  liarcl  rubber 
re|>cls  uud  Jopresses  them. 

By  inductive  action,  therefore,  an  insulated  conductor  may 
be  chnrgod  without  bringing  it  into  contact  with  an  olcetrified 
b(>(ly,  tho  it^iiced  chargo  being  opp<^ito  to  t  iiat  of  the 
inducinij  ehBrj^L'. 

ITS.  Buotion  of  Points. — If  iho  rorouta  onil  <^f  the  conductor 
OIL  which  tho  ctiorgo  is  induced,  terminaten  in  a  point,  the 
iiidured  electricity  of  the  second  kind  flovrri  off  from  it  and  the 
conductor  remains  charged  with  inducetl  electricity  of  the  first 
kind,  just  bh  though  the  repelled  charge  had  Iteen  led  off  by 
electrical  connection  nitli  the  earth. 

If  the  point  is  at  the  nearer  end,  the  opjKwite  electricity 
flows  off  towani  the  inducing  body  and  partially  neutralizes  It^ 
I'harge.  Tho  couductt>r  now  remains  cliarge<l  with  electricity 
i>f  the  second  kind.  Since  appearances  are  us  if  the  point 
attracted,  or  sncke<l,  electricity  from  the  Hrgt  bo<ly  into  the 
second,  this  phenomenon  \%  sometimes  designated  mction  af 
poinla.  SIX  these  plienumcua  are  clearly  indicated  by  the  strijw 
of  gold  leaf. 

174.  Action  of  Soreftns. — If  a  metallio  plate  in  connection 
with  the  earth  be  iuiserted  between  the  inducing  body  and  the 
insulated  conductor,  the  striiui  of  gold  foil  collapse.  The 
conductor  returns  to  tts  neutral  condition.  Induction  now 
extends  immodiut«Iy  tn  the  metallic  plate,  the  front  side  nf 
which  becomes  covered  with  electricity  of  the  first  kind,  and, 
flince  the  electricity  of  the  .second  kind  escapee  into  the  earth, 
the  back  side  remains  iinelectritied.  The  electrilied  body  and 
the  metallic  plate  now  form  a  comjwund  body  upon  which  the 
electricity  in  in  eijnilibrium,  and  can,  therefore,  uol  act  through 
ibe  melallif^  plate  upon  a  conductor  aituated  l-ehiud  it,  Tho 
linos  of  force  prtn-ceding  from  tho  electrified  ImkIv  terminate 
upon  the  front  side  of  tho  metallie  plate  which  forms  a  screen  pro- 
tecting the  body  behind  it  from  the  influence  of  tho  electrified 
body.  A  glass  screen  interposed  between  tho  two  bodies  doe« 
not  hare  thiK  effect.  It  permits  the  p(u«age  of  the  lines  of 
force,  €ir  is  ditlectric. 

If  an  insulated  electrified  .sphere  is.  covereil  with  a  woven 
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wire  »'recii  )ii  mich  nuy  uii  tu  \je  enclosed  vritliin  a  condnctin;; 
euvolwi«,  no  electrical  nifluencd  whatover  will  be  appnroiit 
ouUulu  <if  the  scroen,  wlioii  tho  Ijitler  is  in  mmmiinication  with 
the  earth.  The  induced  electricity  of  the  first  kind  upon  the 
interior  of  the  envelope  holds  tho  electripity  of  the  sphere  in 
etjiiililiriiint.  Tho  sphoro  viithin  the  screen  is  likewise  pro 
toctcd  fn)ni  the  electrical  influence  uf  bo<lies  situated  without 
it.  If  the  conducting  envelope  surrounding  the  etectrifie<l 
body  remains  influliit^d,  its  ext.emfil  snrfarf  htinnincs  electrified 
under  the  iuiluonco  of  the  eleetrilie<l  Wdy  with  like  electricity 
t«  that  upon  tho  body,  whilo  the  inner  surface  of  the  screen 
l)ec«ttiie.s  charged  orjually  strongly  with  electricity  of  the 
i)ppu(iitti  kind.  The  electricity  of  the  inner  siirfact  holds  that 
of  the  euclosetl  txidy  in  e(][ui)il)riuni,  m*  unittcr  where  it  may 
be  situated  tm  the  interior  of  tho  surcen.  If,  now,  the  body  be 
hrought  in  contact  with  the  envelope,  it  loses  its  charfte  eoni- 
pletely.  Consequently,  the  quantity  of  electricity  produced 
ujHin  the  interior  wall  must  luive  been  opjiosilely  equal  to  that 
of  the  inducing  body,  aiiice  it  was  just  sufficient  to  neutralixe 
the  fliurge.  It  is,  therefore,  also  true  that  the  electricity  upon 
the  e.^torior  wall  of  the  envelope  ei|iiHln  that  of  the  imlucing 
body.  Tho  action  of  tho  body  on  puints  outside  of  tho  envelope 
is  then,  no  matter  where  the  body  is  situated  on  the  interior, 
always  thesaiueas  if  its  quantity  of  electricity  were  distribnteil 
iivor  the  outer  surface  uf"  the  envolnpe.  Kxjwrience  shows  alao. 
in  general,  that  the  efle<?t  of  uuy  aumher  of  vlvctri(^  masses  on 
the  outside  of  an  emdosin;;  surface  is  the  some  aa  if  the  entire 
maas  were  spread  over  thi^i  surface  (Faraday). 

17S.  Explaaation  of  Electrical  Pheaomena  by  Indaotion. — 
The  |thenuuieim  of  nttractioii,  mentioned  at  the  bej^inninp,  find 
their  complete  cxplanutiou  in  induction.  When  an  cxcil«d  rod 
of  glass  is  brought  near  an  insulated  pith  ball,  the  letter 
becomes  negatively  cloctrilied  on  its  front  surface  and  positively 
electritiod  ou  its  liack  surface.  .Since  the  negative  side  is  the 
nearer  to  the  rod,  the  attraction  orercomes  the  repulsion,  the 
ball  nonies  in  contact  with  the  rod,  and  ita  negative  electricity, 
awakened  by  induction,  is  then  neutralized  by  an  equally  great 
i|uantity  of  thepuitilivv  electricity  of  the  gls-ss  rod,  and  the  ball, 
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now  containing  only  positive  ©loctrieity,  is  repelled  by  the  rod. 
Contrary  to  B[i])oarauc«,  no  actual  comiunnicatiou  of  like 
eleclricilien  lias  occnrreil  on  eontact,  Imt  tbere  haa  occurred 
merely  u  ueutmtizatioa  of  indncwl  elui'tncity  of  the  firat  kind 
by  an  equal  c|tiantity  of  the  electricity  of  the  charged  body.  An 
electrified  ball  will  evoii  be  attracted  by  a  body,  electrified  by 
a  stroll';  charge  of  the  same  kimJ  of  eleclricity,  if  the  attraction 
of  the  nearer  electricity  of  the  first  kind  in  stronger  thou  the 
repulsion  of  like-named  electricity  already  present  increased 
by  the  oontribmidu  due  to  the  iiidiicod  charge.  If  the  boll  ifl 
siupended  upon  a  conducting  fibre,  it  is  more  vigorously 
attracted  than  if  iniiulatod,  bocauae  the  electricity  of  the  second 
kind  imine<iittte]y  escapes,  and,  coiwequeutly,  does  not  act 
agaiuHt  the  attraction.  Stibt^quHnt  repulsion,  obviously,  cannot 
occur  in  this  i-ase. 

176.  Electrouope. — ^Thc  use  of  various  forma  of  dectr<MX>pu 
{s.g.  8traw  elccfroacupe,  gold-Ivaf,  or  alumi- 
niim-Ieaf  olcitrtiscope)    to   determine    the 
electriml  L\)iidi(ion  of  bodies  depoudti  upon 
the  principle  of  indnctiou. 

The  gold-leaf  electroocojie  (Kip.  143) 
c-unsUts  of  a  biasit  Iwr  fwuicuted  into  a  glaw 
tabe.  the  bar  temiinuting  above  in  a  ballt 
orplate.and  carrying  at  \\&  lower  end  a  pair 
of  strips  of  gold  foil.  To  protect  the  pendu- 
lum from  cnrrentji  of  air  and,  at  the  same 
time,  to  initnlate  the  metallic  bfxly.  the  tube 
ta  set  into  the  neck  of  a  glass  vessel  by  means 
of  a  iwrfc,  or  a  metallic  holder.  If  bu  electri- 
fied boily,  such,  for  example,  as  an  excited 
glass  rod,  bo  hold  u  little  distance  above  the  plate,  the  strips 
of  foil  spread  apart  by  rwwon  nf  the  positive  elwtrical  charge 
covering  both  slripi*.  The  (wjiitively  elcctriiied  gloaa  rod 
exercises  its  inducing  action  ujKin  the  in»ulati»il  metallic  body 
of  the  electroscope,  repelling  the  ixwilive  electricity  into  the 
Btripe  of  foil  and  attracting  the  negative  into  the  plate.  When 
the  glass  rod  is  removed,  the  strips  of  foil  cullapae,  the  two 
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If 


298 


SXPESIMENTAL  fUTSJCS, 


the  metalHo  plate  be  toiiohcd  with  tlio  finger,  while  th« 
glaw  rcxl  is  near  it,  the  induced  electricity  of  the  seeoud 
kind  pscflpes  and  the  gold-leaves  collajise,  while  the  elec- 
tricity ui"  tho  second  kind  remaiiis  condenswl  upon  the  plate. 
I^  after  reuiuving  the  fin^r.  the  glass  rod  be  at^o  retuOTed, 
the  QOgativo  electricity  flpreads  over  the  entire  metallic  body 
and  the  gold  stripa  pemianeDtly  diverge,  'i'lio  olectrusco|>o 
is  now  charged  by  the  indactin^  aetiun  of  the  positive  glass 
rwl  with  negative  electricity.  By  means  of  an  electritioil  liar 
of  hai'd  rubber  the  apiuiratiL-i  may  be  iMmitively  charged  in 
the  same  manner.  If  the  glass  riHl  be  bronght  to  the 
electKMcope  when  negatively  charged,  the  strips  of  foil  will 
eontract,  because  the  glft$s  rod,  by  reason  of  its  induotire 
tiui),  repel-t  positive  electricity  into  the  strips  and  with- 
itive  electrifity  from  them,  thns  diminishing  the 
rge.  If,  on  the  other  haml,  the  negntivt-ly  cltt> 
triSed  bat  uf  rubber  be  brought  near  to  the  electroscope,  it  will 
repel  an  additional' quantity  <if  riogativo  elei^trioity  into  the 
teavcHj,  and  they  mil  sprofrd  still  farther  apart.  The  charged 
electroecojte  indicates,  therefore,  not  only  the  presence  of 
ele(^tricity  on  a  body,  but  it  shell's  rXso  whether  this  electricity 
is  [lusitire,  ur  negative,  since  in  the  f<:»ruier  case  the  leaves 
diverged  with  a  positive,  and,  in  the  latter,  with  a  negative 
chargl^  U]>(m  the  electroscope.  On  the  contrary,  the  contrw^tion 
of  the  leaveit  does  not  necedeaiily  indicate  that  tho  body  to  Ik! 
tested  is  electrided;  for  the  leaves  contract  also  when  tho  hand, 
or  any  other  unelectrifiod  conductur,  is  bronght  near  the 
electroscujie.  The  electricity  upon  the  metallic  part  of  the 
electroscope  acts  inductively  upon  the  hand,  whose  unlike  elot> 
tricity  of  the  first  kind  attract*  u  [wrtion  of  the  electricity  of 
the  apparatus  into  tho  plate,  whereby  the  mutual  repulsion  of 
the  gold-leaves  is  weakened. 

177.  Blectrioftl  Spark. — If  a  conductor  be  brought  near  a 
highly  charged  body,  opposite  electricities  will  be  collecteil 
with  increasing  density  upon  the  nearest  portions  of  the  two 
bodies,  since  tiie  unlike  electricity  pnHlucod  in  the  conductor 
by  mductioD  and  attracted  to  its  extreme  point,  attracts  the 
opposite  electricity  of  the  charged  lx)dyal»)  tewnrd  the  nearost 
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point  of  it«  surface.  If  the  density  of  the  two  electricitie«, 
and  accordingly  aUo  their  tension,  becomes  gieat  enongh, 
they  will  break  through  the  nou-conductor  is,g,  the  air)  lying 
hetweeo  the  two  bodies  and  unite  with  a  hissing  sound,  or 
with  a  Iou<l  report  accompanied  by  an  eleotrical  tparh  The 
^tter  are  merely  gluwing  particles  of  the  hoclios  between 
lioh  the  spark  passes,  whurh  have  been  turn  loose  by  the 
eecapiug  electricity,  and  together  with  the  air  along  their 
iwihs,  are  heated  to  glowing  and  soineliuies  even  to  brilliant 
limi  ini^ity. 

If  the  cnndactor  is  connected  with  the  earth,  and  the 
electrified  body  is  also  a  conductor,  the  tUsohargo  takes  place 
firom  the  Inttor  tonard  the  former. 

If  the  eloctriflod  body  be  discharged  through  a  series  of 
conductors  separated  frcini  each  other  by  non-conducting  spaces, 
as  is  shown  in  Fig,  14t,  where  a  succession  of  rhomboidal 
plates  of  tinfoil  are  glued  upon  a  glai»  plate,  or  along  a  spiral 
line  around  a  glasd  tube,  a  little  spark  passes  across  each  inter- 
vening space  at  every  discbarge,  pnidtioing  a  beautifid 
luminous  pheuumenon. 

17&  Bmth  Diioharge,  or  Electrical  Olew. — When  issuing 
from  a  |Kiint.  [lositive  electricity  forms  a  luminous  bnisli  and  tho 

OOcO 


JTn.  144.— MJmic  LlghlnluK-  Kic  h:>.— KlMtri«l  Egg. 

negative,  a  luminous  point,  which,  on  account  of  their  low 
brightnesis,  can  lie  semi  only  in  the  diirk.  The  distdinrge  in 
such  a  cane  is  accom|iaiiLed  by  a  low  blsMing  uuicii.-. 

Vrlien  electrified  uloudji  collect  about  the  tojNt  uf  towers, 
the  [Mtiuts  uf  wcoibLT-vaii>:K,  of  ligblniiig-rodfi.  of  the  masts  of 
shipo,  aud  even  about  the  bair  and  garments  of  men,  saoh 
luminous  brushes  are  fre»iuently  observable.  They  are  pro- 
ilnced  by  the  passage  of  the  electricity  inducetl  in  the  obJ<^rts  on 
the  surface  of  the  earth  from  the  poInLi  meutiuueil  alxjva 
toward  the  clouds.    Thl<<  pbouomenon  is  called  tit.  Glmti'ii  fiie. 

In  the  so-called  electrical  egg  (Fig.  145).  consisting  of  an 
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sgg*»l'»i*<i  glass  vessel  exhausle*!  of  air,  within  which  two 
metallic  rods  (b  and  b')  termiiiattt  in  IhhIIr,  and  provided  with 
metallic  tenuinals  ami  a  laji,  elei-tri'city  jiassos  across  a  congider- 
uLle  distiuiL-e,  by  rensoTi  of  tli©  fwldu  rL-Histaiu-o  t<j  discharge 
through  th«  rarefied  aii  mtbiii.  llie  accompanying  lumi- 
110113  pheiuimenon  eoiiBinu  <if  a  violet-red  sheaf  of  light  rays 
pKM'oeiliug  from  the  {umilive  almost  enlirsly  t"  the  negative  ball. 
The  latter,  on  the  other  hand,  is  surronnded  by«  bine  envelope 
of  light,  called  iho  negative  glow,  which  ict  HOparatcd  from  the 
piwitive  aheaf  l>y  a  dark  intervening  space. 

179.  Electrophonu, — To  obtain  still  stronger  electrical 
charges  (haii  uoiitd  be  possible  by  the  nieanii  alreiuly  mentioned, 
the  eJeofrophorin)  (Wilke,  ITfi^Himy  lie  URed.  A  dislc  of  resin,  or 
of  rubber  i_g.  Fig.  14(i)  is  melted  iu  a  metallir  mould,  nm,  or  laid 
upon  a  mutallif-  platu.  The  ruko  of 
resin  in  flt^t-trilic-d  by  ntroking  it  with 
I'at'H  fur,  or  with  thu  tail  of  a  fox.  It« 
negative  elet'trinity  acts  by  induction 
u[)on  the  metallic  base,  the  repelled,  or 
negative,  electricity  escapes  into  the 
earth,  while  the  po:jitive  is  attracted  to 
the  lower  snrl'ace  of  the  cake,  a  portion 
l>eing  drawn  over  npon  this  surface.  This 
pv'sitive  electrioity  upon  the  lower  sur- 
facre  of  the  cake  holds  the  negative  of  iUt 
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u])|ier  Hurfuca  Ixiiuid,  thus  preventing  it  from  spreading,  or 
passing  otr  upon  a  conducting  body  brought  in  contact  with  it. 
For  if  the  metallic  cover,  p,  pnividcd  with  the  insulating 
handle,  »i.  be  placed  ufiou  tJit-  cake  aud  then  lifted  upwan] 
without  being  t'lUi.-bod,  it  will  be  fouud  whoD  tested  with  an 
electroscope  to  be  unelectriliod.  If,  bowover,  it  is  touched 
with  the  finger  while  lying  npon  the  phite,  it  will  be  fouud  to 
be  strongly  charged  witii  positive  electricity  when  lifted  firom 
the  plate.  The  charge  will  be  strong  enough  to  produce  a 
spark  when  tbo  cover  is  brought  near  a  coniliirtor.  The 
negative  electricity  of  the  surface  of  the  cake  draws  positive 
fllectiicity  by  its  inductive  action  to  the  lower  side  of  the 
cover  and  drives  negative  electricity  to  its  upper  side.    When 
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I  be  ctirer  is  raised  witlioiit  being  touched,  these  twi»  elcctrieities 
lit  once  recoiabine,  aiiil  the  cover  passuB  into  aii  mielectrified, 
ftr  ncutTftl,  condition.  When,  howcrer,  it  has  been  touched  with 
the  fioger  before  being  mscd,  negative  electricity  escapes  into 
the  earth,  the  [H).«itive  indnrei]  ele<.^tiicity,  however,  remains 
upon  the  lower  tiurfa(!e  nf  the  covt-r.  If  now,  after  touching, 
the  finger  ia  removed  uud  the  cover  raised,  this  poMitive 
electricity,  withdrawn  Trom  the  iuflu&nco  of  the  cake,  BpretwLs 
over  the  entire  surface  of  the  cover.  Since  by  this  mode  of 
procednre  no  electricity  is  withdrawn  from  the  cuke,  it  may  be 
repeated  indefinitely,  each  time  with  the  .tame  res^nlt,  and  an 
inexhaustible  supply  of  electricity  may  be  obtained.  In  the 
process,  however,  no  electricity  Ims  Iwen  created  outright,  but 
by  raising  the  positively  electrified  cover,  the  attraction  between 


it  and  the  negatively  elcetritied  cake  ia  overcome,  and  the  work 
ihos  performed  ia  stored  up  as  eloctriea!  energy  in  the  cnver. 

160.  Electrical  HachineB  (Otto  von  tTuericke,  lf>t}<'l)  an;  used 
to  prodnce  electricity  of  great  tension  (of  high  pottMitiiil)  by 
16  ftid  of  friction.  A  glass  disk  (Fig.  147,  A),  fastened  upon 
fft  horizontal  glass  axis,  i,  borne  by  a  support,  h,  is  turned  by 
means  of  the  crank,  K,  in  thedireclion  of  the  arrow,  between  the 
two  leather  cushiona,  ee,  pressing  lightly  against  its  fu-es.  To 
heighten  their  power  of  excitation,  the  cushioun  arc  coated 
with  Kienmayer's  amalgam,  a  mixture  conjuating  of  one  i>art 
tin.  one   pa^rt  zino,  and  two  part«t  mercury.     The  frictiou 
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electrifies  tbe  gltts-s  disk  jwsitively  and  the  piisUion  negatively. 
The  negative  electricity  uf  the  cushiun  passes  off  tlirougli  a 
wire,  or  chain,  to  the  earth,  this  connection  with  the  earth  is 
made,  becauM  if  the  negative  electricity  were  allowed  t»» 
remain  uputi  the  <-ii!ihi(in,  farther  productiuu  of  puaitive 
electricity  wnidil  Ik*  retanled.  The  positive  electricity  ad- 
hering upon  the  glo^w  disk  and  prevented  from  escaping  into 
the  air  hy  means  of  the  striji,  e,  composed  of  a  non-conducting 
material,  su^-h  aa  oilskin,  or  silk,  passes  at  length  between  the 
two  wooden  rinjjH,  hb,  communiojitiiig  with  the  <.'ondiietor,  a. 
The  latter  is  corajiosed  of  a  hollow  brass  sphoro  insalatod  njion 
the  glass  standard,  g.  Metallic  ])oints  extend  from  the  wooden 
ring  toward  the  faces  of  the  disk,  and  are  connected  by  means 
of  a  groove  filled  with  tinfoil.  The  positive  electricity  of  the 
diak  acta  inductively  upon  the  insulated  condnctor,  ab,  consist- 
ing of  the  metal  ball  an<l  the  woiideu  ring,  repelid  the  poi^itive 
electricity  to  the  sphere,  and  attracts  the  negative  Ui  the 
points.  The  negative  electricity,  however,  flows  from  these 
points  toward  the  disk,  and  combining  vrith  the  positive 
electricity  uixjn  its  surfa<-es.  neutralizes  the  electricity  upon  the 
disk,  and  is  itself  at  the  same  time  neutrali:!ed.  The  conductur 
remains  charged  with  a  quantity  of  {Hisitive  electricity  of  the 
seeuud  kind  equal  to  the  negative  oloctrieUy  of  the  second 
kind,  which  was  lost  on  the  disk  by  flowing  from  the  point. 
Since  the  result  is  the  same  as  if  the  |)oint8  had  soaked  up  the 
positive  electricity  and  transferred  it  io  the  conductor,  the 
wooden  rinj;^  are  ^ontetimes  called  sucti-m  apparatus.  To 
rrjnder  the  negative  electricity  of  the  rubbing  cushion  avaiN 
able  fur  uae,  it  is  also  euuuected  with  a  hollow  brass  sphere,  a', 
borne  upon  a  glass  post,  ^,  and  acting  as  a  negative  conductor. 
The  negative  electricity  collects  upon  this  sphere  if  it  lie 
insulated  and  at  the  same  time  the  positive  conductor  Iw 
put  to  ground. 

By  means  of  this  electrical  machine,  numerous  ciporimentg 
exflmplillying  the  laws  of  electrit^  action  may  he  |)erforme<l. 
Among  these  many  assume  the  form  of  intere-iting  toys.  If 
the  knnckte  of  a  finger,  or  any  other  conductor  comiected  with 
the  earth,  and  having  a  rounded  end»  he  brought  near  the 
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tentiinaJ  of  au  elocrtrical  machine  in  action,  s^nrtcH  from  5  to 
25  cm.  in  length  will  jiaM  a<!ni!ts.  The  longer  sparks  are  not 
reotiUnfOT,  hat  renemblc-  the  zigzag  lines  charactemiDg 
»tre«ks  of  lightning. 

The  mutual  rppuUion  of  similarly  electrified  bodies  may  be 
shown  by  the  aid  of  the /Ja^«r  hruth  (Fig.  148).  This  apparatus 
eunsists  of  a  conducting  rod,  vrbicb  may  be  inserted  in  a  hole 
nnJvidod  for  it  in  the  upper  surface  of  tiio  conductor  of  an 
ehfi^trtcal  nmi^hino.  To  the  upper  en<i  of  this  rod  is  attnchetl 
a  conducting  disk,  from  whose  jwriphery  narrow  strips  of  thin 
paper  hang.    \Vhen   the  ap))aratus  is  put    in  place  upon  a 
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line  and  the  disk  turned,  the  strips  spread  ajiart  like  the 
iuB  of  ou  umbrella. 

Tlie  pith-bail  dance  illustrates  the  attraction  and  oloctrili- 
eatiun  of  unclcctrified  by  electrified  IxKlies.  In  a  glass 
cylinder  (Fig.  149),  closed  above  and  below  by  a  metallic 
ooTBT,  little  balN  of  cork,  or  pith,  are  plated,  while  a  chain, 
from  the  rttnduclnr,  leads  electriiMly  t'l  the  upper 
^oovex.  The  latter  thcu  attraot«i  thn  uuclcotritied  l>alls,  but  as 
soon  as  they  come  in  contact  with  the  cover,  being  thereby 
Himilarly  ele<itritied,  they  aro  reiwllod.  The  Imlbi,  having 
diitt'haryed  their  electricity  to  the  lower  cover,  whi<'h  is  in 
communication  with  the  earth,  are  again  attracted,  and 
thus  tht-y  continue  to  dance  betireen  bottom  and  cover,  at  the 
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same  time  transmiltiug  the  elertric-ity  from  the  condactor  to 

the  ourth. 

Fig.    150    rojirewnte  au   ftpjiaratiw  for   prodiit-iiig  ejectrie 

ehiviw.  By  means  of  a  wire,  aie,couuected  with  the  njmluctor. 
two  mi-'tallic  Iwlls  are  suspended,  the  one  ai 
c  by  ii  metaUu-  Hhre,  the  other  ttt  <t  l>y  a 
silk  thread.  The  Utter  tHunmnnk-atos  with 
the  ground  hy  means  (»f  the  c-hain  shown 
in  the  eiit.  Between  tho  Wlls,  and  etjiiidis- 
tant  from  them,  u  metallic  iMtll  is  suspended 
by  a  sillt  fibre.  When  tho  first  t>ell  is 
eleiftrilietl  by  the  eoiicluctor  it  attracts  the 
b&ll  to  itself,  and  after  contact  and  conse- 
cjnent  partirijiation  in  iis  electrical  charge, 
thi!  first  ttell  repels  the  ball  to  the  set^md. 
wlirrc  it  gives  up  its  electrical  charge,  and  is 
a^in  draTm  Iiack  by  the  first  bell.  By  a 
repetition  of  this  process  of  striking  first 
against  the  one  betl,  and  then  the  other,  a 
rapid  sueeesstim  of  fhimes  is  pnidnce*!. 
Easily  inflammable  liquid;*,  »uch  as  ether,  earljum  duulphide. 

are  ignited   by  the  sjurks  of  an  electrical  machine,  and  certain 

gBM»i  may  be  exploded  by  means  of  theui.  The  electric  piniot 
(Fig.  151)  may  be  used  to  illustrate  the  latter 
fact.  This  device  consists  of  a  thin  vessel, 
closed  by  a  cork,  into  which  extends  a  metallic 
wire  cemented  in  a  ghus  tube,  tt',  and  termi- 
nating in  the  small  balU,  b  and  If.  If  thv 
vuasel  is  filled  with  a  mixture  of  air  and 
bydn^n,  or  with  illuminating  gas,  and  the 
outer  knob,  b,  is  brought  against  the  con* 
ductor  of  the  machine,  a  spsrk  will  pass 
betueen  the  inner  knob  and  the  glass  wall, 
the  gas  explodes,  and  the  c;ork  is  violently 
exjielled  with  a  loud  rejwjrt. 
One  may  electrify  his  own  body  (Dnfay,  173-1)  by  moans  of 

the  inraiating  stool,  which  is  merely  a  thin  block  of  wood  borne 

upon  glass  foet,  or  plocedj  upon  a  rubber  plate.     By  merely 
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itonohing  the  cunduotor  uf  aii  electricul  machine  while  stao'lin^ 
IpocL  the  stool,  or  upou  a  rubber  plate,  or  with  rubber  ovetshoes 
upon  the  feel,  the  body  will  be  immediately  electrified.  The 
hiur  uf  the  head  titaudH  ou  eud,  luid  in  a  ibirU  ruom  bnishes  of 
light  are  iieeu  to  stand  with  their  Imsedt  u]ion  the  ti[>s  of  hairs  ; 
but  BO  seoii  tui  u  spark  pushes  lielireen  the  conductor  ami  the 
b(K]y,  these  uloetrical  munifttiqtiitions  dtsap^ar.  While  the 
ttody  is  in  this  euiiditioii  a  vessel  tioiitaining  ether,  nntl  cod- 
aeded  vrith  the  ground,  may  be  i|^tod  by  the  spark  which 
|iaaaes  between  it  and  the  linger. 

Hie  steaui-eDgines  emd  hydrd-elet'trieal  luachioes  uf  Arm- 
strong (1830)  are  based  upon  ihe  [>rin«iple  that  when  Hteam 
issues  through  an  oritic«  from  a  builer  it  beo^imes  electrified, 
(uanally  with  poBitive  electricity),  while  the  boiler,  if  insulated, 
■becomes  at  the  same  time  oppu^jitelr  electrified.  The  electricity 
'thuH  developed  arisen  from  tho  friiL^tion  of  the  particles  of  water 
ou  the  walk  of  the  orilice  (I'^araday,  1846),  as  this  water  \» 
rapidly  borne  along  by  the  steAUi.  The  productiuu  of  electriaty 
is  must  rapid  when  the  walls  uf  the  uritSco  are  of  wood.  In  the 
name  manner  liquid  i;&rbonic  ucid  ia  electrified  un  issuing  from 
the  inm  flasks  used  for  preserving  it, 

ISI.  Condensing  Apparatni — Co&deosera — If  an  io^uiated 
couduutor,  fur  example,  a  metaJlii;  plate  ttuppurted  upon  s 
vertimi  ghLss  standard,  is  bnmght  into  electrical  I'onoection 
with  the  couductor  of  an  electrical  machine  in  action,  the  plate 
will  take  np  a  qiumtity  of  electricity  corresponding  to  it« 
vaiwcitYt  or,  wliat  is  the  same  thing,  it  will  c-itntinue  tu  absorb 
electricity  until  its  tension,  or  potential,  is  tho  game  a.t  that  of 
the  conductor.  This  tension,  however,  set^  a  limit  to  the 
qnautitv  of  electricity  which  may  cuUoct  ujxin  the  plate, 
as  may  be  recognized  from  the  fact  that  an  electrical  {leu- 
dulum  suspeuded  (rum  the  back  side  of  the  plate  can  be 
made  t<>  diverge  no  further  after  this  tettslon  has  btt-u  reached. 
If  after  the  coimection  viith  the  conductor  has  been  broken,  a 
plate  similar  to  the  f(K-mer  is  brought  near  to  its  front  surftkce, 
the  pendulum  contracts  nii>re  and  mure,  the  ue&rer  the  second 
plate  u  brought,  while  an  electrical  |*endulum,  hanging  upon 
the  back  side  of  this  latter  plate,  diverges  le.'M  than  thai  of  the 
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former  plate.  The  piato  first  mcntionod  acts  inductively  upon 
the  other,  ottracts  the  negative  etoctricity  of  the  flrst  kind  to 
the  fnmt  surface,  and  ilrives  the  positive  electcieity  of  the  second 
kinil  to  the  hack  surface.  While  the  positive  electricity  of  the 
tirst  plat*',  drawn  hy  the  induced  negative  olectrieity  of  the 
saooiul,  aocnniulat«fi  with  iucreosiug  density  ii|h>u  it^  front 
soiface,  \hb  deosity  upon  the  roar  surface  continually  diminiaheB, 
ftnd  with  it  the  repulsive  force  exerted  upon  the  pendulum  also 
ilimimshes.  If  now,  the  first  plate  is  ajjaiii  conuectGd  ivith  the 
conductnr,  electricity  again  passes  over  u[X)n  it.  increasing  thf 
charge  already  present,  and  the  pendulum  rises  again  to  its  former 
height,  thereby  indicating  that  the  potential  of  the  conductor 
luLi  beeu  a^faiu  attained.  Hence  it  follows  that  the  potential 
of  the  first  plate  has  been  reduced  by  the  reaction  of  the  second. 
But  the  first  plate  (Contains  uow  a  greater  ipiaiitity  of  ele«tricity 
tlian  it  was  formerly  L'B|)able  of  taking  up.  Iti>  capability  U* 
take  up  electricity,  or  its  eapaeil^,  ha«  therefore  been  iiicre«se<) 
by  the  pre.'teuce  of  the  secoud  plate. 

If  nnwf  tliB  second  plate  ho  tnuchod,  the  ponitivo  electricity 
escapes,  itn  pendulum  collapses,  indicating  that  its  [wtontial  has 
become  zero.  The  nogativo  oloctricity,  however,  which  no  longer 
reacts  against  the  positive,  condenses  upon  the  front  .•tiirfu'e, 
Kttraeta  more  of  the  positive  charge  of  the  first  plate  toward  il^i 
front  Hiirface  and  the  pendulum  upon  its  rear  8urfa<'«  contracts. 
Electricity  may  again  t>o  transferred  from  the  conductor  to  the 
plate  until  the  tension  of  the  coudiicter  is  reached.  The  capacity 
of  the  lirst  plate  is,  therefore,  augmented  by  the  presonoe  of 
the  wi^ond  plate,  if  the  latter  is  connected  uitb  the  earth. 

Two  metallic  plates  separate*]  by  a  niincnnducting  layer  of 
nir,  glaas,  shellac,  etc.,  the  one  of  which  is  conm>cted  with  a 
soiircu  of  vloctricity,  and  the  other  with  the  earth,  form  thus  a 
wntdevain^  apparatut,  or  a  condenaer,  by  means  of  which  elec- 
tricity may  be  collected  and  condensed  in  greater  quantitieo 
than  would  be  possible  U[Mm  a  single  pl^te.  The  former  is 
called  the  collecting,  and  the  latter  the  condensing  plate.  The 
term  eondenaer  is  applied  more  particularly  to  thoett  apparatus 
which  are  used  to  collect  in  measurable  quantities  electricity 
of  80  lovr  potential  as  to  bo  inappreciable  by  means  of  tlie 
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electroscope  directly.  AVith  the  condenser  of  Volta  (1782), 
the  horizontal  collecting  plate  is  ti>crewed  dircx-tly  to  the  stem 
of  a  gold-leaf  electroscope  (Fig.  lo^),  while  the  condensing 
plate  may  be  placed  upon  it  by  mcatu  of  an  insulatinj;  handle. 
The  surfaces  of  the  plates  turned  toward  each  other  are  Tar- 
nished, and  accordingly  are  always  separated  by  a  thin  layer 
of  renin.  If  the  lower  plate  is  conoeeted  with  a  weakly  elec- 
triBed  body,  and  the  upper  face  is  /OMcA^i  ictfA  //i«  Jin^r,  the 
two  op{H)sile  electricities  upon  the  atljacetit 
faces  of  the  plates  coadenae  on  both  sides  of 
the  coat  of  varnish  until  the  collecting  plate 
hait  reached  the  potential  of  the  eloetriflod 
body.  If  the  apper  plate  in  iiiiw  remnved  the 
electricity  collected  upon  the  lower  plate  next 
to  the  layer  of  resin  spreads  over  the  pntire 
metallic  part  of  the  vloctroS(H>[ie  ami  crhar^s 
it  to  a  far  higher  tcosion  than  chamotcrizus 
the  body  to  bo  tested.  That  this  is  tmo  is 
wen  fnim  the  diverging  of  the  gold-leaver. 
and  that  the  Unal  tension  is  higher  is  clear 
when  we  recall  that  the  capacity  of  the  col- 
lecting plate  sinks  to  its  original  amait  niagm-  /  ~  ^~~  ""  ; 
tude  after  the  removal  of  the  condensing  ^^  is2— OoUl-lnrf 


CoBclonsLT. 


ith 


plate. 

The air-«<Mu2enwr  nf  It.  Kohlrauscli  (1838) 

l^li^Bsists  of  two  vertical  plates  separated  by  an  insalattng  layer 


'^^ 


capacity  of  a  condenser  is  direittly  proportional  to  the 
aiirfacee  of  its  plates,  and  inversely  proixirtional  to  the 
distance  wparating  them. 


If  V  denote  tho  potcntiid  of  tho  coDccting  plate,  V  that  of  ilia  cond«i»iiic 

ptale,  ani)  d  Um  Oiickike^a  of  tho  layvr  of  nir  between  the  platen,  > — ^ — ' 

if  tbe/o/i  1^ potential  from  thu  finl  lo  tlie  Bwoad  pUte,  and  it  is  alw  the 
torn  tcoding  t^}  <lriv«  tho  •loctricity  Troni  Ihc  Krat  toward  th*  Meond  platd. 
This  force  is  alio  uproMOtl  by  4*4,  irsdonutp  (be  density  of  tite  olectrioitr  ia 
qnestion.    Wo  muut  then  liav»— 

V-  V 
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Siaet  d  and  V  -  V  are  coiitilaDt,  B  mnst  also  be  conatant,  and  C  =  S«  is 
ihc  quantity  of  etix-trtclty  collected  upon  iJic  stirfacR  S  of  the  plate.  Miiltijily- 
ing  both  sides  of  Uie  foregoing  equation  by  8,  and  dividing  by  4«,  vrc  utiUui— 

or,  nncc  the  coadeniJiis  pkte  in  counected  wilb  tlio  earth  (V  =  0} — 

ibo  aa|uoity  of  tbe  rondciiur  U  acoordinglf  7~7> 

182.  Leyden  Jars — Franklin's  Plate. — I^ytlen  jars  are  used 
to  collect  the  electricity  of  Btrong  sounws,  **i"^li  "^  electrical 
liucliiiie.s.  in  targe  (luaiititics.  They  were  first  need  by  Kteist 
(1745)  an<l  later  l>y  Ciiua;iui  (174(ij,  and  aire  sometimes  called 
Kleist's  jars.  The  Leyden  jar  ooosistfl  of  a  glasB  vessel  coated 
within  and  without  1"  within  a  few  inches  of  the  top  with  tin, 
or  zinc,  foil.  They  are,  therefore,  merely  <wnJensera  nith  glass 
as  the  insulatiag  .s-iihtitance^  The  portion  of  the  vessel  not 
oooUhI  nith  foil  ia  vaniished  t*]  inxnre  l>ctt«r  iaitiilatiou.  The 
Teasal  is  also  j>rovidtxl  with  a  varnished  MuoUen  «>vcr  tlireugh 
which  pasaes  a  metallic  tod  terminating  upward  in  a  ball  and 
commtmieating  below  witli  the  inner  coating  of  tbe  jar.  The 
i\as\i  is  charged  by  (mmmrting  one  uf  the  coutinga,  usually  the 
inner,  with  a  80Un«  of  electricity,  e.ff.  with  tbe  oondnctor  of  an 
i-Iectrical  machiuo,  or  the  cover  of  an  electrophorus,  while  tbe 
other  coating  comtuuutcate»  with  the  ground.  Such  com- 
mtmication  may  be  readily  effected  by  placing  the  jars  upon  a 
t'ondneting  supiKirt  llie  two  electricities,  that  imparted  to 
the  inner  coating  (e.t/.  positive  electricity),  and  the  negative 
indnoed  electricity  (of  the  first  kind)  upon  the  outer  coating, are 
spread  over  the  surfaces  of  the  coatings  next  the  glass,  tbe  former 
with  the  tension  of  the  conductor,  and  the  latter  with  no  tension, 
or  with  the  [)otential  zero.  Both  striTo  to  unite  with  each  other. 
This  tendency  many  times  berimes  su  stnmg  that  the  glass 
wall  is  incapable  of  resisting  the  electnMtatic  preeisure  exerted 
Bpon  it,  whereupon  a  iierforaliou  of  the  glass  occurs,  rendering 
the  Hask  useless.  The  larger  the  surface  of  the  coating  the 
greater  is  the  cafiat^ity  of  the  flask,  or  the  greater  ia  tbe 
<]n*ntity  of  electricity  which  may  collect  upon  it    But  Instead 
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of  employing  a  single  large  flask,  u  litt^h  would  be  very  tinnielcly, 
Uie  electric  battery  (Fig.  153)  is  tweiL  This  ooiuilsts  of  sevenl 
L«ydenjareconiietfio(l  iuaiH-h  wiiy  llmtull  the oxternul  coatings, 
on  tlio  one  band,  and  nil  tlie  lutenial  uudtiiigH,  ou  tlie  ulher,  aid 
ill  ele(;tripal  eomiunoication. 

The  prot'ess  nf  disclinrge  may  bo  studied  liy  the  aid  of 
Henry's  quadraiil  electroscope  (177-1),  liy  plwiiig  it  either  upon 
the  oondiiplor,  or  upon  iho  battery  itself.  It  consists  of  a 
Terlical  metallic  column,  to  which  '\a  Hiisjiendcd  from  the  middle 
of  ft  graiUtatod  arc  a  pith  Imll  Ktiick  on  a  stifl'  win-.  Thb 
p«udtilnm  ti«G«  aud  standa   in  o<[iiilibniim  as  noon  as  the 
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jKitoutiai  of  tbe  condui^tor,  or  the  maximum  limit  of  charge  is 
reached. 

A  tlftsk.  or  Lattery  dis^hnrf^t  i.e.  the  two  opposite  elec- 
tricities collected  upon  the  coalinsa  combine,  when  the  external 
coating  and  the  knob  leading  to  the  internal  surface  are 
bronght  Into  electriral  cnnneiHion,  or  nhen  Uith  ixnlings  are 
i-onnecto<l  with  the  earth.  If  the  outer  coating  be  grasped 
with  ouc  luiiul  ntid  the  knob  with  tbe  other,  u  strong  tendency 
to  coiitrat^tiou  of  the  miisdes  of  the  arm  is  felt,  and  in  case 
of  a  high  chttTge,  a  violent  pain  in  the  breast  is  experienced. 
This  8o-<?al)ed  electric  sbm;k  may  l>e  trauflmitted  through  a 
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number  of  persons  grasping  one  uuoLber':!  honiU  bo  as  to  form  a 
continuoQB  cirvnit. 

To  prevent  discliarge  through  the  btuuAD  body  duru4f 
exiMirinieiit*  witli  the  Leyden  jar,  an  insulated  discharging  rod 
u  luod.  This  ia  composed  of  two  slender  rods  usually  of  hraw, 
eoonected  l>y  a  joint  aiu)  ])rovided  nith  kuoLa  at  the  ends,  a 
glass  ormbber-coated  Handle  being  connected  alwmth  the  rod 
at  the  joint-  A  simpler  fumi  consiHt«  of  a  flexible  wire  oiialoJ 
with  niblier  and  terminating  in  knoW  (Pig.  IM).  Ooe  knub  of 
the  discharging  rod  is  bruaght  into  contact  with  the  out«r 
Coating,  and  the  other  is  brought  near  the  knob  of  the  flask. 
While  the  knob  of  the  discharger  is  still  at  a  eouBiderabla 


Pic  161.— Simple  \}\»- 


Vm.  13o.— (ivuenl  Uii>rl»rK«r 


distance,  sometimes*  called  the  ^rihiivg  dittanu,  from  the  knob 
of  thejar.abrightsiiiirk  passes  between  the  knobs,  aecompanied 
by  a  loud  reixjrt.  The  striking  distance  was  measured  by  Tlietis 
in  1837  by  means  of  the  sparking  micronteier.  U  consists  of  a 
(lair  of  metallic  balls  mip]K)rted  npju  glass  footings,  wIiuho  dia- 
taiicv  uiKLTt  may  \>c  inciksurHhly  »ltcrcd.  The  striking  distance 
is  proportional  to  the  density  of  the  accumulated  electricity. 

To  be  able  with  convenicnco  to  expose  objects  to  the  dta- 
tibajgiDg  stroke,  Henry's  (1"~9)  general  digrharger  (Fig.  155) 
was  deviaod.  Supported  upon  glass  footings  and  morablc  by 
means  of  joints,  two  short  tnbes,  thrnugh  which  pass  metal  rods, 
provided  with  knobe  at  their  inner  and  books  at  their  outer 
end^  are  plaued  as  shown  in  the  ligure.    The  rods  may  be 
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jiuslied  iuward  and  outward  through  the  tubes.  One  of  the 
hooks  is  connected  with  the  oat«r  coating,  whI  the  other,  with 
the  aid  of  the  customary  discharger,  is  brought  into  electrical 
ftmnection  with  the  knob  of  the  inner  coating.  Between  the 
two  rods  is  an  adjustable  glass  plate  siipiKirtcd  also  upon  a 
glass  footing'.  My  meauH  of  this  device  it  way  be  seen  that  a 
strong  charge  heats,  fitses,  vaporizes,  and  consumes  metallic 
wires  wheu  placed  between  the  knobs,  and  that  in  some  (Mse«' 
it  even  benilti,  tears,  and  piUverizea  tlteiu.  Paper,  stiff  uurdii. 
and  cardboard  are  perforated,  and  the  holes  ace  surrouudctl 
on  both  surfaces  by  raised  edgeK.  If  the  knobs  do  not  stand 
tUrcctly  opposite,  the  perforation  takm  place  at  the  negative 
knob,  as  was  shown  by  Lullin'a  exjieriiuent.  By  merely  re- 
placing the  knobs  of  the  discharger  by  points,  wooden  plates 
and  gla«i  dinkii  may  also  be  {>evfomtod,  tlie  latter  with  ex- 
treme ease  when  Htearine,  or  |iarafiin,  has  been  dropped  upon 
them.  The  perforation  is  found  to  occur  always  at  the  td^e  of 
the  spot  of  steariue.  The  discharging  apark  also  appears 
under  water.  The  liquid  i»  thrust  aside  by  the  spark  nitfa 
snd)  violcQco  that  oftoutimes  open  glass  reaseU  filled  with  water 
are  burst  asunder.  Air  and  other  gases  whon  confined  are  .s« 
suddenly  and  so  powerfully  expanded  by  the  discharge  that  n 
Biuall  buUel  used  lo  cloae  the  mouth  of  tho  «?«/«>  mortar  is 
hurled  out  with  great  force.  To  igntie  guuponder  it  is  necessary 
to  send  the  discharge  thn^ugh  a  poor  conductor,  such  as  a 
uioist  hempen  cord,  sini.v  with  metallic  omweotion  the  dis- 
charge takes  place  so  ({uickly  that  the  powder  is  merely  bloivn 
aside.  In  all  these  efiecta,  the  energy  of  the  electric  charge 
which  vanishes  its  such,  is  oierelv  transformed  into  mecbanioal 
work  and  ultiiuately  into  heat. 

The  quantity  of  heat  developeil  by  the  discharge  was 
measured  by  Hies*  (1**38)  with  his  electro- thermojiuier.  This 
consists  ot  a  simple  air  thermometer  through  whose  bulb  a 
.slcoder,  spirally  wound  platinum  wire  is  drawn  to  transmit 
the  disi'bargo.  The  air  expanding  by  the  hont  presses  the 
liquid  into  a  thermometer  tiibo  lying  upon  au  adjustable  iu> 
clined  plane.  The  liquid  minks  in  the  tube  more  or  less  accord- 
ing as  the  wire  in  heated  to  h  higher  or  a  lower  tempurature. 
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It  was  thns  fotmd  that  the  fieat  [>rottiir>p<t  is  dtrdotly  propoitioDiil 
to  ilie  aquare  of  the  qiiantity  ol"  electricity  disnhargoil  anrl 
inveraely  proportional  to  the  capacity  of  tlie  jnr.  This  quantity 
of  heat  U  in  point  nt  fact  eqoal  to  the  energy  of  the  electric 

discharge— W=J*^''  (videf.  2:«). 

Tho  Leyden  jar  is  |not  eateiitially  difli-ront  from  FranJJin'i 
jtlat6(Figs.  156  and  I57),aglH«siilete  standing  peqjemlicularly 
nponaglasH  footing  and  rcaled  upon  Ixtth  sides  with  tiufoi! 
in  auch  manner  as  to  leave  a  strip  a  few  inches  broad  around 
the  edge,  to  be  coated  nith  shellac  vamifih.  Although  thio 
appantiis  is  leas  convenient  than  tlie  l-cydeo  jar  for  tlio  appH- 


Fics.  156,  IS7.— FmnWin'i  I'Ulfc 

cations  mentioned  above,  it  is  l>etter  adapted.  Ly  reason  of  its 
airnplo  constniclion,  to  illnstrate  the  nature  of  tlio  pnK-esses  of 
charge  and  diecharge.  If  npon  either  side  nf  the  plate  a 
pith  ball  pendnlnm  is  sttick  with  a  little  wax.  the  one  bait  will 
!>e  repelled  by  the  finit  mating,  which  contains  electricity 
directly  from  the  ccinductor  of  the  machine,  while  upon  the 
other  side,  which  has  been  touched  with  the  finger,  the  pen- 
dulum hangs  <]inotIy  in  a  vertical  [jositiim.  Upon  the  first 
coating,  therefore,  electricity  is  present,  and  tliat,  too,  upon  it« 
outer  surface,  while  upon  the  second  coating  there  is  none.  If 
now  the  latter  coating  is  kept  insulated  and  the  Brst  iii  touched. 


ELECTBJCIT7. 


813 


the  clectricitj'  escapes  from  its  outer  siirfaee  and  the  pendulum 
mnkn  iiito  ii  verlinal  pnsition.  Tho  [lemliiluiii  on  the  second 
UMting  rine!!,  since  a  porlum  of  the  negative  electricity  con- 
densed on  its  inner  siirfaoe  now  spreads  over  the  outer  surface. 
And  so  l»y  nJtfnmtcly  toiicliing  tim  rimtiugs.  the  plat«  may  be 
(gradually  (liachargod,  tho  chfirfjo  remaining;  upon  the  coalingn 
lit  each  contoct  diminishing  continnrnmly  iiwordinj^  to  a  law  of 
ffeouiHtricral  pnigrension.  This  method  iif  suweswive  disL-h&rge 
niay  ulso  lie  shown  with  a  Leydeii  jar,  by  jiroviding  its  exterasi 
ooating  and  the  knob  of  the  internal  raating,  each  with  a 
(leriduliun,  tho  cburgeil  jur  Itein^  ploeed  upon  an  insulatin)* 
support. 

183.  Diichargin^  Electrometer— To  compare  the  quantitiea 
of  t'lecfricity  in  a  I^yden  jar,  or  hRtterr,  Lane's  (1767)  (Ks- 
eliarffing  eieetrometer  may  be  uspil.    In  a     t, 

this  apparatus  (Fig.  155)  the  Hphcre, 
b,  home  on  the  end  nt  a  horixoulul 
metallic  rod,  may  bo  adjusted  uiitro- 
metrically  to  any  given  distonee  from 
the  knob,  a.  This  knob  is  connected 
with  the  outer  coating  of  tho  jar  to 
be  charged  while  the  latter  is  siij*- 
porteil  ujMin  an  iiiKululing  base.  The 
iudured  i-kH-trtcity  uf  tho  itanie  kind 
ia  repelled  from  the  coating,  passes  in- 
to the  jar.  and  charges  it  to  n  potential 
high  enough  to  projliire  a  spnrk  dis- 
charge between  a  and  h.  While  the  electricity  is  being 
wcnmnlated  in  thy  battery  to  be  cliargetl,  the  plpctrometflr 
continueji  alternately  to  charge  and  to  dUchurge,  and  the  batterj* 
csuntaine  at  last  an  many  times  tbe  quantity  of  electricity 
necessary  to  ftatnrate  the  electrometer  aa  there  have  been  dia- 
chttrgcs  of  the  cloetrtimeter. 

IM.  Osicmda. — If  n  Leytteu  jan,  eacli  of  canacaty  C,  are  coRibiiied  Into  a 
UDgle  fcaUen-.  the  capa^'ity  of  tbelutter  b  nC.  ufiit  to  cnarge  it  to  the  tcnsloii,  V, 
aquantitjr  of  electricity,  fc  =  nCV.  is  iMjiiired. 

TIi«  n  HAokn  may.  howover,  ho  cooidhioiI  in  sncli  way  that  each  staods 
itpon  ui  iiimitntinj;  iitv,  mid  tfi9  oattr  ooaiing  of  earh  is  roniiM^toi  with  the 
innar  coating  art(i«  nrit  followinff.    If,  thmi,  the  inner  coating  of  tho  fint  tm 
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chuged  wEth  aa  •Iwtrica]  mius,  t,  an  (n|i|irox{iiiate]jr)  equal  nu88  of  eleclricit; 
of  tlie  opponite  Idn^  fWiBes  ftoiQ  iU  onter  coating  into  Iho  deciiiid  Jar,  from  Uic 
outer  coatiug  of  ihe  sL'coud  jar  into  l!ie  tluid,  aii»l  so  on,  ho  t]Mit  eacli  of  liic 
tlAdkii  coDtaim  the  ratne  electrical  mass,  e.  If  V,,  V,.  V,.  ...  V..  denote  in 
•iDccrimion  the  poteotials  of  tho  timer  coatingB  aod,  corwi.<qiie<nily  V^.  V,,  V„ 
...  V..V_f,,,  ihoeo  of  tho  outer  coatings^  the  chaise  of  tbi^ individual  jaraari.'^ 

M  =  C(V,  -  V,), «  =  C(V,  -  v.), ...  e  =  C(V,  -  V^,), 

Mid,  therefore,  tho  tolAl  cliarKO  of  tW  entire  battery  i«  given  bj  iw  = 
C(V,  -  V^,),  OT,  if  tlie  outer  coaiiog  of  the  last  jar  ia  groundftd,  V^,  =  0, 

and  »w  =  CV„  or  •  =  ^ 

TTjc  cnpocity  of  nich  a  battery  is,  therefore,  one-nth  of  tliat  of  each  aogic 
cell.  Hciiuc,  to  obtaio  a  given  tcmloa  only  ono-»th  part  of  tbo  nnantity  of 
electricity  in  ic<|tiired  tx  with  n  Kiu^lo  jnr,  or,  vrliat  is  the  soma  thinic.  with  a 
l^vciieluctricol  iiiiuw,  n  tintL-n  tl^c  ti-uaivti  tuny  bu  obtainod.  Since  ibu  flifurenc?* 

of  potential  V^  —  V,  e  V,  —  V,  =  ...  -  -,  the  cliargea  are  dirtribnted   in 

«]Dal  eradations  on  the  individual  cells,  as  mi^rht  be  illnetnted  by  a  temc«d 
Vfaterlall.  Saeh  a  combiiiatioti  of  <?alla  in  called  a  uascailu  (li'rBnKlia,  1784). 
Ill  tlic  foriuur  ca«8,  tito  junt  are  cnid  to  be  eoimectlld /or  iiaatilily,  aiid  iii 
the  latter,  /vr  ttntion.  To  obtain  High  tanKioii  and,  eoiiiic<iui>!itly,  also,  gi^eai 
ittriking  diKtauce,  it  ix  bc«t  to  char^  Ihe  balteiy  connected  for  i)uantity,  and 
then  La  chsnf^  it  for  tenition  into  coMeado. 

Laiio'ti  cleotrometer  is  connected  in  caacnde  with  tlie  jar  whosL'  chai^gu  U 
to  \te  iiicaHiirod. 


186.  Dielectric  Canstants. — If  a  pl&te  of  glass,  or  nf  bard 
rubber,  be  inserted  between  two  metallic  jilatcs  (ISl)  separated 
by  a  layer  of  air,  one  of  them  Iteing  charged  with  tlte  tension 
of  the  conductor  of  an  elet-trical  machine  and  the  other  con- 
nocted  with  the  earth,  the  pendulum  atta/;ked  to  tho  first  plate 
dinks.  Tlie  tension  nf  the  t^llei*ting  plate  is,  therefore, 
dimiuiahed  aud  it,s  t-ajnwMty  increased  by  the  presence  of  the 
dielevtrit^  platti.  Mure  electricity  may  now  accumulate  ujxm  the 
upjiorBtu.-!  and  its  charge  isacfsordingly  incwMwed.  Tho  iusulatinj; 
plutCii  botnoeu  the  couting  of  such  a  collucting  appmratUB  are, 
therefore,  not  passirc.  On  tho  contrary,  they  play  an  cseential 
part  (Franklin)  in  iho  charging  of  wndonsers,  tho  importance 
of  which  voriea  with  differeut  dielectrica  (Faraday).  The 
terms  apedjie  inductive  capaciti/  (Faraday)  and  di^ecirie  cot\»iai\t 
of  insulating  xuUftaaceK  are  ap]>lied  to  the  ratio  of  the  charge 
of  a  condenser  when  (his  snhsliun-e  aoparatea  tho  awtings,  to 
the  charge  taken  np  by  tho  condenser  at  the  same  jioteiitial 
when  the  seitaratliig  modiitm  is  an  e<]ually  thick  layer  of  air. 
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The  dioloctric  coDStant  of  au  jiiauJatiDf*  body  may  ftlso  be 
defined  as  the  numtwr  with  which  the  capacity  of  an  a3r 
condeDser  must  be  multiplied  to  obtain  the  capacity  of  the 
same  comlenaor  when  the  layer  of  air  in  it  is  rephicod  by 
the  dielectiic  in  question.  The  dielectric  constant  of  air  Ib, 
therefore,  assumed  ar  the  unit  For  some  other  dielectrics  we 
have  the  following  values  due  to  Boltamann  (1874):  paraffin, 
2-32;  glass,  2'6 ;  bard  rubber,  or  ehonite,  3'15;  sulphur,  3'S4 ; 
mica,  8  (Boiity).  Siuce  diiferont  gases  also  have  diffeimit 
iadactiTe  caparities,  that  of  a  vacuum  ie  taken  b.i  unity, 
and  (he  dielectric  constants  of  some  gases  nndor  normal 
pnuBsiire  are  then:  hydrogen,  I'OOOS;  air,  I'OOOfi;  carbon  di- 
oxide, 1-UUU9:  all  of  which  differ  so  little  from  unity  that  tht 
discrepancies  ore  of  no  practical  importance.  If  ite  denote  the 
dielectric  constant  of  the  inter|>osed  plate  of  a  condenner,  iu 

JtSV 
charge  at  iH)teniial  V,  is  given  by  E  =  ^-t*  and  its  oapa<.'ily 


IS 


Awd' 


Ud.  Dielectric  PolarizatlOB.— Mattcueei  (1847)  showed  that 
uoncondncting  budioa  are  also  subject  to  induction.  A  small 
nnelevtritied  needle,  composed  of  sulphur,  or  shellac,  is  electrified 
whoQ  brought  under  the  influence  of  a  charged  body,  the 
nearer  end  with  unlike,  the  other  with  like  electricity  to 
that  of  the  charged  liody.  But,  while  conductors  re8]K)nd 
immediately  to  induction  and  lose  the  ofTect  with  equal 
readiness,  with  uoncouduct4jr<i  a  considerable  time  is  necessary 
for  its  complete  development,  as  also  for  iia  tutal  disappearance. 
To  explain  tliis  phenomenon  Faraday  assumed  that  a  dielectric 
body  oonsiats  of  a  noncouductiug  matrix,  or  aubstraiant,  iu 
which  conducting  particles  are  imbe<lde(l.  These  particles  be- 
come electrified  by  indunticm  withnut  tranamitting  their  charge!) 
to  the  matrix.  If,  now,  a  poititively  electrified  body  be  con- 
ceived to  be  brought  near  one  end  of  a  series  of  such  particles), 
every  jMirticte  will  become  negatively  electrified  at  its  nearer 
end  and  pesitirely  at  its  more  remote  end.  >Since  the  opposite 
electrioities  of  the  neighbouring  jiarticles  destroy  each  other's 
external  cft'ects,  theae  charges  are  effective  only  at  the  en-ls 
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of  the  serias  where  tJie  littln  niu;;nct  oxhibitn  two  rtppoeite 
{•olaritieii.  Klectricul  induction  upun  a  iiontMJiiduvtor,  on  this 
view,  i»  aiialugijiiit  to  the  iiifliicnco  of  a  maj^'iiol  iipim  a  piece 
of  aot't  iruii.  The  coiiditiuti  iiit**  which  th<i  iiiiueuuductor  is 
thus  brought  is  culled  a  state  of  dielcctrie  polarisation. 

167.  B«BLilual  Charge. — If  a  Leydeii  jar  k  ('uinpletely  dis- 
ohargHtl  by  l>riii;^ir)g  t)ie  iiiuer  and  thi)  otitt^r  coaliugs  into 
contact,  after  a  shurC  time  it  will  be  found  again  to  have  a 
weak  charge.  Thia  \»  cuJIeJ  tlio  residaal  clianje.  Kloctricity 
oalleot«  not  only  ut>uu  the  metallic  cuutingn,  but  dso  iipuu  the 
glass  itself.  Thia  may  be  prorod  by  means  of  a  Jar  litted  vrith 
eoatiiigti  of  till,  wliich  may  be  romoved.  If  the  charged  Jar  be 
placed  ii[Hm  ati  insulated  Mipport.  and  by  inoHiit^  of  a  ^\sss 
hook  the  inner  coating  be  reinoveil,  when  the  glaKK  vessel 
ia  withdrawn  fnim  the  outer  coating,  the  two  (Ti)atiug.t  will  be 
found  to  be  but  feebly  charged.  )tiit  if  the  ghk-w  vessel  is 
grOdpod.  ou  it^  outer  sitrfaco  with  onu  hand  and  touched  on 
the  inner  surface  with  the  other,  the  crackling  sound  which 
elwracterizes  weak  electrical  (iischargea  is  heard.  If  after 
the  cnatingB  have  been  completely  deprived  of  their  charge, 
the  jar  is  again  put  together,  after  a  short  tune  it  nnll  again 
giro  a  Hjtark.  Nonconductors  do  not  op^Kise  an  al)solute 
hindrance  to  the  motion  of  electricity  through  them.  On  the 
contrary,  the  charges  of  the  coatings  penetrate  slowly  into 
the  glass  and  afterwards  return  to  the  coating.  The  dieleotrio 
|xjlarization  of  the  glass  by  the  indut-ing  action  of  the  coatings 
alau  agists  iu  charging  the  latter  again. 

188.  Dnration  of  the  Electric  Spark— Yelooity  of  Propagation 
of  Electricity — Oscillatory  Discharge. — A  rapidly  rotating  disk 
with  painted  spokes,  or  Hcctorji  (colour  disk],  when  iUuminatod 
iu  a  dark  room  by  the  iijMirk  dlstrharge  of  a  Leydeu  jar,  appears 
to  stand  motionless,  ber-ause  the  diimlicm  of  the  spark  is  so 
akort  08  to  show  the  disk  iu  only  a  siiigti:  [xuntiou. 

That  the  spark  han  nevertheless  a  meaaurable  duration  was 
found  from  the  experim.nts  of  Wheatitouc  (1834)  to  determine 
tbe  velocity  of  electricity  iu  conducting  wires.  Six  metal 
balls,  a,  b,  Cj  d,  e,  f  (Fig.  159),  well  insulated,  were  attaclied 
in  a  straight  line  upon  a  board.     IWwecn  b  and  it,  and  between 
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c  and  d,  wires  eaoh  37U  m.  long,  woro  interposed.  When  a  was 
cormeeted  with  tlie  outer  and  /  ftilh  the  inner  coating  of  tt 
Leyden  jar.  three  sparks  were  seen,  apparently  simultaneously, 
at  ah,  cd.  and  e/.  These  were  observed 
in  a  mirror  which  could  he  rapidly  rotated 
about  an  axis  pftrallel  to  the  lino  af. 
When  the  rnirror  nan  at  real,  the  tlu-eo 
apota  api^earod  aa  luminous  jiointB,  or 
diaks,  lying  upon  a  straight  line.  Itut 
when  the  mirror  was  rotated  SOO  times 
to  the  second,  the  three  imaj;^  of  the 
sparks  appe&icd  to  stretch  out  into  lines 
porpondicular  to  the  axis  of  rotation,  from  the  apparent  length  ot 
which  the  duration  of  the  spark  was  computed  to  ho  0-000042! 
seconda.  It  w&s  a\m  observed  that  the  image  of  the  middle 
ajjark  wssdisplatfed  with  rcijiec'i  tt)  the  others  in  the  direction  of 
a  retardation,  whence  it  fullon-:'!  that  the  twu  outer  sparks  a  and 
7  were  produced  simultano«pu»!y,  and  ii,  the  middle  one,  a 
little  later.  Itoth  clcclricitics  pass,  then,  simultaneously  from 
the  conlingK  and  meet  midway  between  them.  From  the 
iuaf;nitude  uf  the  disp1a4.-ement  {ft")  of  the  imaf^  of  the  middle 
»imk  and  thti  vflucity  of  rotation  of  the  mirmr,  the  velcK-ity 
uf  propagation  in  a  copper  wire  was  found  to  be  430,000  km. 
ity  a  ditfercut  method  Siemens  (1874>)  found  for  the  velocity  in 
iron  wire  *2-10,000  km. 

\Vith  moderate  len^hs  of  warn  the  duralioit  of  the  spark 
in  imicli  shorter  than  with  very  louj^  wireii.  With  short  wires 
the  image  of  the  Kpnrk,  tvith  8(H)  ruvtilutionB,  had  an  apparent 
length  of  leHs  than  ^'',  and  its  duration  waH,  cunseijueutly,  letw 
than  one-millionth  uf  a  )<ipruiid. 

With  very  short  niros  the  dnration  of  ilischarge  is  also 
longer.  The  long  riblxm  of  light  into  nhich  the  image  nf  the 
gpark  is  drawn,  and  which  may  be  photographed  (Feddersen, 
1858),  exhibits  transi-orsc  stripes,  alternately  bright  and  dark, 
whence  wo  infer  that  in  this  case  the  dischaxge  takes  place  in 
a  rapid  series  of  sparks.  The  appearance  of  the  image  of  the 
s^qirk  indicates  thii  discharge  to  ho  vibratory,  or  oscillatory,  in 
character  (electrical  vibrtttious),  and  that  the  jar  is  alternately 
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charged    with    positive   and    negative    electricities    in    rapid 

189.  Liolit«Bborg's  Pignres  (1777)  are  produced  \>y  trans- 
mitting a,  charge  of  electricity  by  means  of  a  metallic  con- 
dnctor  {e,g.  the  knob  of  a  charged  I^eydou  jar)  to  some  point  of 
a  nonconducting  plntc,  such  as  resin,  or  hanl  rubber,  the  plate, 
having:  been  ilrat  t>e8priukled  irith  siftings  from  a  vessel. 
closnd  with  a  piece  of  linen  cloth,  of  a  powder  composed  of  a 
mixture  of  iwl  oxide  of  lead  and  swlphur  flowers,  or  lyco- 
podium  powder  {electroscopic  powder).  The  red  particles  of 
the  o):ide  are  elcctritied  positively  by  friction  against  the 
sideK  of  the  meshes  of  the  linen,  and  cling  to  the  negatively 
olectriJiod  partji  of  the  plate,  while  the  negatively  charged 
particles  of  the  sulphur,  or  lycopoiliiim,  atlhere  (<>  the  ptieitive 
portions  of  the  ptato.  If  positive  electricity  is  used,  the 
tigures  thue  arising  form  a  yellow  gtar  with  branching  rays, 
whirh  proceed  from  the  elcctritied  ])oint  in  lines  railiating  in 
all  directioUH.  If  negative  electritiity  is  used,  only  a  round 
red  spot  is  proflueed.  These  du8t*tigures  are  produced  by  the 
motiuu  of  the  clec^trifled  air  aroimd  the  condnctcir.  They  may 
be  very  beautifully  displayed  in  tlie  form  of  the  brush  and 
fiiiovi  light. 

190.  The    Induction,   or    Inflnanoe    MaeMae,   or    Indactor, 
disiwvered  almost  flimultanoonaly  by  Tcoppler  and  by  Iloltz,  \a 
a  source  of  induce<l  electricity  much  more  prolific  than  the 
ordinary  electrical    machine.      The  Holtz  influence  machine 
(Fig.  160)  consists  of  two  varnished  disks  of  glass,  the  smaller 
of  which,  B,  turns  by  means  of  a  crank  and  endlees  cord,  S,  about 
a  horizontal  axis,  x,  composed  of  hard  niblwr,  whose  snpi 
are   burne  each  on  a  crossbar  composed  also  of  hard   rubber' 
(kkhh)  and  carried  by  the  glass  posts  1,  2,  S,  4.    The  larger 
disk,  A.  is  Sxed  by  means  of  glass  rrxls  in  a  jwrmanent  position 
just  behind  the  rotating  disk.     It    is  provided  with  the  two 
Openings,  a  and  h,  diametrically  opposite  to  each  other,  to 
whose  edges  paper  strips  (armatureii),  caml  6,  are  attached,  from, 
which  tongues  of  jm^wr  extend  through  the  uponings,  a  and  6.' 
In  front  of  the  rotating  disk,  and  exactly  opposite  to  the  paper 
stripe  of  disk.  A,  are  two  brass  combs,  or  rakes  {ggit),  so  placed , 
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that  their  teeth  point  tovr&ni  the  disk  and  their  brasa  steiua 

project  throuf^h  the  crossbar,  kk,  and  terminate  In  the  spheres,/ 
ajwl  c.  Through  theae  spheres  |ia«s  mda  i»f  brwis,  ppi>viJe<l  at 
iheir  outer  endft  with  iiuiUatiug  handles  of  hard  rubber,  and  at 
their  inner  enda  with  knobs  (m  and  p).  By  pushing  these  nxJs 
inward  and  outn-ard,  the  distance  between  the  knobs  may  bo 
varied.  If  au  excited  disk  of  hard  rubber  (II,  Fig.  161)  be 
held  behintt  the  paper  strip,  c,  and  the  disk,  B,  be  tamed  in  the 
direction  of  the  arrow  against  tht'  tongues  of  jwper,  while  the 
knobs,  naad  p,  are  in  rflnta<;t,  the  paper  strip,  o,  is  negatively 
electrilied.  \i»  positive  electricity  iMWsing  through  the  paper 
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tonpuoa  toward  the  ru liber  [ilate  while  the  nogatiTo  electricity  re- 
mains bohind.  8n  soon  a!tl)ii.sp(mdition  is  attained,  the  rubber 
disk  is  removod.  The  negative  electricity  of  the  strip,  «,  acts 
inductively  both  npon  the  rotating  glass  disk  and  upon  the 
comb,  gy,  attracting  the  positive  electricity  in  Uith,  and  reijol- 
ling  the  negatire.  The  glass  disk  thereby  assumes  a  positive 
ebuge  upon  its  inner  and  negative  charge  u]x>d  its  cater  sarface. 
Hiove,  however,  in  the  brass  coudueliug  the  electricity,  induction 
is  ranch  more  rapid  and  perft<ct  than  in  the  nonconthieting  glaKi, 
the  positive  electricity,  Issuing  from  the  teeth  of  the  comb 
toward  the  disk  suffices,  nut  unly  to  ueutralixe  the  negative 
electricity  on  the  outer  surface,  but  also  to  import  to  this 
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sarface  »  poeLtivd  cbargo.  The  part  of  the  ilisk  n-faicb  has  been 
turned  podt  tlie  comb,  g^  (in  Fig.  H>0  the  lower  half),  is  there- 
fore charged  Mfitli  pwitive  electricity  upon  both  sides.  This 
electricity,  arriving  at  the  paper  ton^ie  projectmg  into  the 
upening,  h,  attracts  negative  electricity  from  it,  is  neutralized 
by  it,  and  leaves  the  |mper  atrip,  d,  imsitiveiy  electrified.  The 
result  is  the  same  a.s  if  the  poaitire  electricity  of  the  lower 
half  of  the  disk  had  paaaed  orer  into  this  strip.  Since,  now 
the  positive  electricity  of  the  slrip,  d,  exerts  upon  tho  rotating 
disk  and  tho  bmss  pitnili.n,  the  action  of  iuduclion  precisely  as 
before,  compelling  negative  electricity  to  flow  from  the  [K)inl« 
upon  the  disk,  the  ii[iiterhft]f  bct^nmes  chargetl  with  negative 
electricity,  wbicrh,  after  reacliing  the  opening,  «,  passes  over 
into  the  pajftr  strip,  c,  Bii[i;nienting  ita  nogatii-o  charge  and, 
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eonaeqnentJy,  also  it«  inducing  action.  TbiR  process  is  repeated 
at  every  revolution,  and  the  charge  upon  the  papor  strijw  ri-ses 
rapidly  to  a  delinite  limit.  Of  the  electricities  driven  by  the 
indaciug  action  of  the  strips  iutu  tho  combs,  the  pusitire  irom 
the  comb,  ii,  accumulates  upon  the  knob,  p,  and  the  negative 
from  the  comb,  i^ry,  npon  the  bulb,  n.  Between  these  two  knobe, 
called  electrodea,  tho  eleL'trieities  neutralize  each  other.  To 
enable  this  action  t«  begin,  on  Kt&rting  the  machine,  while  the 
rharge  iavery  weak,  the  knoljs  must  bo  pla<%d  in  conttwX  with 
each  other.  So  soon,  however,  na  a  hissing  suund  indicates 
tho  presence  of  a  sufficient  charge,  if  the  knobs  are  drawn  apart 
a  cmckling  spark  will  Le  heard  between  them,  and  it  will  con- 
tinue to  be  beard  at  intervals  en  long  as  the  diek  in  rotated. 
If  one  of  the  knobs  It  connected  with  the  earth,  sparks  may 
lie  drawn  fmni  the  other  as  fnim  the  conductor  of  an  ordinary 
electrical  machine.    A  Leyden  jar,  or  battery,  ivhose  ooatinga 
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lire  C()uiie<:Uxl  with  the  ojwn  electrodes,  may  be  diBrged  in  a  few 
eeujDtla.  To  convert  the  cnrrent  of  sparks  into  indiviflual 
fpiirks  of  grcator  strougth,  each  oloctrode  may  be  connected 
with  a  knob  of  a  Leyden  jot,  tho  outer  coatings  of  the  jars 
beiiif;  first  connected  by  n  strip  of  tiiif.iil  {Fig.  16ii).  The  inner 
t'oHting  of  eai;li  jar  then  becomes  charged  witli  the  electricity 
of  the  correeponding  electrode,  while  the  like  electricity,  re- 
pellerl  to  the  outer  coating,  jio&ses  througli  tho  strip  of  foil  to 
the  iinter  cuBting  of  the  other  jar,  and  is  there  acconiulated. 
AVhc-n,  after  a  short  time,  the  density  required  to  produt-e  a 
spark  across  tho  iutcrvening  space  of  air  has  been  developed 
upon  the  electrodes  cmineeletl  nitli  the  inner  t-oatiugs,  a  spark, 
acx'orapaiiipd  by  a  loud  repnrt,  passeti  between  them,  while  at 
the  same  time  the  elcctricitioa  of  tho  outer  coatings  neutralize 
eorh  otiior  through  the  tinfoil.  If,  instead  of  using  a  con- 
tinuous conductor  Iwtween  the  outer  coatings,  tho  connection 
is  ofl'oeted  by  means  til  inm  filings  strowu  iMjtweon  the  jars 
upon  the  insulated  base,  the  neutralizing  of  the  twu  electricities 
becomes  apparent.  AVbenever  dUcbarge  of  the  jurs  takeo  place 
by  the  pii^iage  uf  a  s[)ark  between  tlia  ele(!tnMles.  n  miniature 
streuk  uf  ligbtuiug  is  soeu  to  pass  thmugh  the  imn  Hlingnfruui 
oiie  jar  to  the  other.  To  obtain  the  highest  [Hissible  difference 
of  potential,  and  conserjuently  also  the  greatest  possible  length 
iif  spark,  UiB  jam  must,  uH  (»iurse,  l>u  connecteil  in  otucade. 
Coiiden^in^  tribes,  or  condenatn,  which  rtrdinarily  accrompany  the 
DiH<.-hiue,  at:t  on  precisely  the  same  prin<-iple  ai  do  these 
Ijcyden  jank  The  tubes  are  provided  with  u  strip  uf  tinfoil  t>n 
their  inner  surfaces,  and  with  two  ringu  of  the  wuie  material 
H|H>n  their  outer  snrfacea.  These  rings  ore  connected  witli  the 
brasii'  stems  of  the  (lombs.  They  correspontl,  therefcjre,  to  the 
inner  c>mtiug!i  uf  the  jars  above,  while  the  interior  strips  of  foil 
**t>rres[»ond  t^>  their  comiectwl  uiittr  cDatingst. 

If  tho  electrudea  ore  separated  iiir  enough,  so  that  the  elec- 
tricities collected  upun  them  are  uo  longer  able  to  unite  with 
and  neutralize  each  other  across  the  interveniug  layer  of  air, 
they  will  How  throngb  the  combs  beck  u[ton  the  disks,  deslnty- 
ing,  or  even  reversing,  the  charge  u[)ou  them.  To  prevent  the 
Rsation  of  action  of  the  machine,  with  too  great  distance 
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between  the  electrodes,  the  supornumcmry  combo,  ((  and  rr 
(Fiff.  160),  are  provuled,  which  are  eonnecteil  with  gg  and  i« 
Te!<[)ectively,  t"  lake  up  thiG  ftceumulated  electjicitint  ami 
permit  Ihem  to  flow  agaiu  upuii  the  disk. 

The  Hi)w  of  electricity  from  the  points  of  the  romb,  «heu<» 
the  hisaiug  sound  originates,  is  perceptible  to  the  eye  in  a  dark- 
ened  room.  Th«  positive  electricity  appearti  in  the  form  of  a 
brush  on  the  jwiiits  of  the  oomb,  gg.  and  upon  the  point  of  the 
corresponding  tongue  of  paper  it  spreads  out  over  the  diHk 
into  the  paper  strip  referre<l  to  Bbf>ve,  while  the  negative  elec- 
tricity appears  upon  the  teeth  of  the  rnmb.  iV,  and  ihe  «»rre- 
spending  tongue  of  paper,  in  tliR  form  of  brilliant  [uiiitK. 

Self-exciting  iiiHueni-a  machines,  lirst  duvisod  by  Tajpplor 
(Voa8,  Wimshnrsl),  i«i!isofl6  the  pofiuliority  of  developing  for 
tbemsfllred  the  light  charge  of  oloptrieity  necessary  to  start 
thorn  without  external  oxcitation.  The  rotating  disk  carries 
upon  its  front  siirfacp  a  number  of  roetalUc  bnttons,  which,  on 
turning-  the  disk,  rub  past  two  brushes  of  brass  foil  connected 
with  the  paper  strips  of  the  fixed  diak.  In  this  form  of  the  appAr 
ratus  the  fixed  diak  has  noo])eningB,  such  as  a  and  h  of  Fig.  I(i0. 

When  the  influence  machine  i^  started,  a  smaller  resistance 
14  perceptible  before  it  han  liocome  charged  than  afterwards- 
Ilia  eieesH  of  lalioiir  performed  in  the  latter  case  is  traiisrornie<l 
into  electrical  energy.  AVben  the  elei^trode:!  of  an  iuthience 
machine  in  action  are  r^onnected  with  the  combs  of  a  second 
lijuoliiui^  from  which  the  endlnts  cord  has  liccn  removetj,  the 
movable  dlslt  of  the  latter  takes  up  a  rapid  rotation.  When  in 
tha  first  machine  work  is  being  transformed  into  oloctrieaJ 
energy,  in  die  second  elentricAl  energy  is  being  converted  into 
mechanical  work. 

This  aame  principle  of  ritie  of  [K)tontial  is  np])lie(l  in  an 
ingenious  manner  in  the  tvaier  inftucnctj  machine  (Vi .'Vhomunn). 
From  a  branching  tube  (Fig.  H;3),  connected  with  the  earth, 
two  jets  of  water  flow  through  the  liollow  metal  cylinders,  A 
anil  B,  in  Riirh  way  that  the  jet"*  are  converted  into  drops 
witbiu  tUu  cylinder.  The  droiw  fall  from  A  into  a  metallic 
cylinder,  h,  provided  within  with  a  funnel,  and  thoat^  from  It 
drop  into  a  precisely  similar  cylinder,  a.    A  and  a  are  connected 
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ititli  the  electtode,  P,  M-liile  B  and  b  coimnuuicato  with  Uie 
elwtrude,  N.  If  the  cylinder,  B,  is  foobly  oloctxifiod  with  a 
negativo  charge,  tho  drops  vf  water  falling  throagh  it  iHM^oriie 
positively  electrilied  by  inductioD.give  up  their  positive  chujge 
to  a,  A  and  P.  and  finally  fton  away  iiiielectrifietl.  The  punitive 
electricity  of  A  i^bargcs  the  water  drops  within  it  iitigntivfly, 
^these  surrender  their  negative  charge  to  b,  B,  and  N,  whereby 
the  negative  charge  of  B  is  augmented,  and  thus  ilie 
wtion  ironlinues,  ho  ttmt  finally  the  couductors,  P  Hud  n,  are 
charged  io  a  IW  higher  tension  than  that  uriginaity  imparted 
to  them,  aiid  sjmrk;^  po^s  B(*ri)!W  hetneen  the  electrodes. 


Pio.  163. — Water  Influcnoo  Ha«liiii('. 

IM.  Hectrioftl  Odonj.— In  theneighbonrhoo<l  of  an  electrical 
lua'.'hiue  iu  action,  n  |>ei-nltar  ndour,  resembling  that  of 
|>hosphoros,  is  perceiifiblc.  The  electricity  issoing  front  the 
points  of  the  combs  con  vert.n  the  (irdinary.  odonrlees  oxygen  (O,) 
of  the  air  into  a  highly  odonms,  ail»tropi?  modification  of 
oxygen,  called  o2on«  (O.^).  Tbe  term  active  oxt/ym  i«  also  soma- 
timat  applied  to  thiti  modified  form  of  the  gas  to  indicate  thai 
it  differs  frum  the  usual  form  in  its  stronger  chemical  activity. 
The  prcKOuce  of  ozone  may  be  shown  by  means  of  paper  strips. 
niuii«tened  with  stiff  paste  end  a  solution  of  calcium  iodide. 
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The  iodine  w-itlidcan-n  from  the  eolcinin  iotltile  liy  means  of  the 
Rxone,  rolonrs  tho  paste  liltie. 

193.  KeasaremeDt  of  Electrical  Force,  of  Potential  and  of 
Capacity  Elcctrometera — An  elinrtriojil  fort'e  is  measured  bjr 
hoIiliit|>  il  in  equlliliritimliy  meaiusof  a  kuovriifurce.  Apimriitus 
adapted  for  this  puipoae  are  called  dadrometera.  Coulomb's 
toneicn  halante,  ]>revioiisly  deacribed,  ia  an  e]ec-troni«ter,  in 
wliiL'li  t)ie  tiintiunal  eiasticity  tjf  a  wire  acts  against  the 
eleL-tricjiJ  force. 

The  sanio  reactive  force  is  used  in  the  tcrBion  electrometer 
of  It.  Kohlrau3t'h  (1847).  The  metallic  needle,  aa  (Fig.  IGll.  is 
suspended  by  a  glass,  or  qiiartz,  libro  in  the  powtiim 
of  equilibrium  with  its  halves  on  opposite  sides  o\ 
a  curved  strip  of  melal,  hb  (sceu  from  above  in  the 
figure),  ouo  part  of  the  strip  being  bent  a  little  to 
the  right,  and  the  other  a  little  to  the  left  of  the 
needle  (Dolhunmi,  1842).    \\'Tioii  n  rlmrgo  of  elec- 
tricity ia  imparled  to  the  strip,  aud  aocurdingly 
also  to  the  needle  touching  it,  the  electrical  force 
Kiii.  ^M—    *•"    ^    projwrtinnnl    to    the   angle   reail    on   the 
Dctlniana's    torsiim  lieati  above,  through  which  the  fibre  miwt 
NwjJlu.       '*  twisted  to  bring  the  rei»elle«l  needle  back  into 
its  original  (Mxiition. 
In  tbo  aiiic  d^romcier  uf  K.  Kithlr&uKch  (18r)3),  tlie  brass 
needle  of  tbo  fonncr  instniment  is  rcplacod  by  a  magnetic 
needle  twinging  npon  a  point.     When  this  needle  is  in  the 
magnetic  meridian,  it  tomthes  the  bent  metallic  strip.     In  this 
hiirtrunient    the    rejtellent    electrical    force    b    balanced    by 
terrestrial  maguotiiini  vrhich  tundi  t<>  draw  the  needle  into  tho 
meridiiui.    If  the  metal  strip  be  again  turned  toward  the  noodle 
nntil  they  touch,  this  force  will  be  proportional  Xo  the  sine  of 
the  angle  of  rotation,  whem-e  the  apperatiis  receives  its  name. 

The  q^uadrant  electrometer  {¥\^.  \\)'i}  uf  W.  Thomson  (1807) 
contains  a  light.  Hat,  brood  almniniiuu  needle  cut  in  the  form 
of  a  pair  of  opposite  sectors,  joined  at  their  centres  luid  swinging 
within  a  flat,  cylindrical  metallic  box.  The  box  ia  cut  hy  a 
pair  of  [)crpendicidar  sliti;  pattaing  throngh  the  centre  into  foar 
qnadrauts    (in    Fig.    lG(i,  lieen   from    above),     bjtch  [wir   ol* 
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(liometricaJly  ojiposite  qumlrauts  i.s  counected  liy  a  conilactur. 
Tlic  needle  h&s  the  so-called  bi-titar  stispensiou  (1^2),  the  twi> 
flUk  lilires  being  parallel  to  each  nihor  when  the  needle  is  at 
resft.  li  drawn  aside  from  this  posititm,  gravity  will  strive 
to  bring  it  back.  To  protect  the  qiia<Irant8  from  eit^raal 
electrical  influences,  they  are  enclosod  withiu  a  metallie  cajie 
{vide,  action  of  screens,  174),  whose  i^over  sppports  the  glaas 
tube  encKising  the  fibres,  and  alno  three  insulated  btndiug- 
screwB   conne<^tcd  with  the  qnadnuit   pairs  and  the  needle 
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Fie.  163. — Qaoilrnnt  KlcotromflUr. 


FiC.  166,— For  lb«t  Qukdnuil 
KlMlrniMtv. 


respectirely.  The  binding-screv  conoected  with  the  needle 
leads  first  thritiigh  a  platimiin  wire  into  a  ^lasd  vessel  situated 
in  the  lower  {mJt  of  the  metal  case  and  lilled  nith  sidphuric 
acid,  into  whicli,  from  the  other  side,  dipa  a  platiniun  wire. 
This  wire  forms  the  pndnngation  of  the  axis  of  the  needle,  and 
carries  a  pair  of  small  tmnsverse  striiw  to  retard,  or  to  damp, 
the  vibrattiry  motion  of  the  needle.  To  this  prolongation,  a 
small  mirror  is  attached  which  is  visible  through  a  viudow  nf 
the  case,  and  by  the  aid  of  a  telescope  and  scale  (143),  reudent 
the  position  of  the  needle  readily  observable.   While  in  nse,  the 
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iioedio  (of  aluminiuQi)  Li  charged  to  u  dutinite  and  rather  high 
I»f)tontiftI,  by  eonnoctinij;  it  with  tlie  inner  coating  of  a  Leyden 
jar.  or  in  some  other  similar  nay.  ooo  pair  of  quadraDts 
being  oonneoted  with  tho  source  of  electricity  to  he  measured 
jiiid  the  other  with  the  earth.  The  instrument  may  alao  bo 
itaed  by  charging;  the  quadrant  paits  to  oppositely  equal 
(lotentials,  and  cttnuoutini^  the  needle  to  the  body  to  bo  iii- 
veatigated.  For  small  deviations,  the  electrieal  fore*  is  in  both 
rases  proportional  to  the  angular  deflection,  or  to  the  nnmber  of 
gradnntinii»  reail  from  the  Bcale. 

These  instruments  serve  also  tncom  pare  eleclrifal  forces  nith 
one  another,  and  accordingly  oIsd  to  meaflore  the  i'orre«ponil- 
ing  oloctrieal  masses  and  the  itntontials.  »lnoo  with  unvarying 
capacity,  these  niaguitudes  are  all  proportional.  The  electric 
balance  of  Thomson  (I8l)"),  on  the  other  hand,  gives  in  absolute 
measure,  that  is,  by  weight-,  the  attraction  of  two  ]Kiraltol 
plates,  one  of  which  ha»  a  contntnnt  potential,  while  the  other, 
which  hangs  horizoutally  at  the  end  of  a  scale-beam,  is  con- 
nected with  tho  body  who»o  potential  is  to  )je  measured.  Since 
the  oloctrieal  density  upon  a  circnlar  disk  increases  from  the 
centre  outward  very  slowly  at  lir^t,  but  quite  rapidly  near  the 
outer  edge,  tho  suHpended  disk  is  alloweil  to  hang  within  a 
horiaontal  ring  {proleeting  ring)  oonneotetl  electrically  with  it. 
It  fonud  then  merely  the  oeniral  port  of  a  large  plate  over 
whieh  tho  distribution  of  the  electricity  may  be  regorde*]  a^i 
prm'tically  uniform.  The  other  plate  i.i  nuw  brought  fn>m 
Ixdow  U>  such  u  distance  from  tho  latter,  that  thu  vlectrieal 
attnuTtiun  between  the  platen  \w\As  in  equilibrium  tfae  force 
of  gravity  which  tends  to  draw  the  suspended  disk  out  of  its 
pnitecting  ring.  This  distance  at  whieh  e((uilibrinm  is  eetab- 
liahed  ia  measurable. 

Ti>  conpftn  Un  capacitioa,  C  aad  C,  of  two  conducton,  or  comkownii  we 
m*jmmamn  bj  an  •iMtrametw  llw  pataotkl  of  the  flntdiioto  acbaige  witli 
aqy  aloetarfcal  bmob  wfaawer,  aad  caniNirc  U  with  the  potvnthl,  V,  of  uk  tvo 
caoANtora  ooDoected  with  aaidt  other.    Wo  Iwvv  Umif— 


CV  =  (C  +  CI  V.  or  ^  =  ^-^. 


190.  AtMiMpbarie  SMttidtr*— Cttq  whim  tliv  sky  Is  dwr  tho  <ano«phfPB 
exhilNis  i.?on»ldend)l»  dectrioal  leiuion.    A  peinl,  or  flanv,  >t  u  olmtcd 
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pooition  in  tiiD  air  mid  ooaaoctcd  <ril1i  mi  doctn>cco|>o,  or  olcctrometer,  a  M>cn 
to  take  up,  as  a  mh,  n  pooitiru  clinrtrn  of  cloctncily,  tlio  lennbn  tisiiii; 
coottnniJIy  tha  higltor  tho  point  in  cairii'il.  Tlio  (il>crtroiKopic  utTi'Vl  inumosca 
toward  daybreak,  at  ffnt  i)uile  ra]>idl)r,  and  tJitvn  inoro  slowly  iiniil  it  reaches 
a  mDming  nuudinum  aomo  hoiire  after  suiiriHo.  It  tli«ii  diiciiiiifihiM  nnd 
IwcomoH  weakest  a  few  hours  lieforc  aunsol.  After  tliia  it  rLsos  a^iin  rapldlri 
and  altains  A  second  iDaximuni  valiio  Aomc  hours  after  sanact.  Diinng  ths 
viAt  it  diminishes  again  lo  a  »«cond  minimiitn  bcforo  d&ytueak,  nhorciipoti 
it  n^im  ngniii  to  rise.  At  about  clcwn  o'clock  a.m..  tbv  mean  value  for  tha 
niitire  'tay  occurs.  In  winlcr  tlio  c^Rect  m  conatdi-niMy  itrongcr  tban  in 
RUmmcr.  When  we  uy  that  Uie  aarlli  is  ebai^d  (o  n  raUicr  low  (pvrhnpt 
iiexallvo)  potential,  which  increMiMi  with  elevation  in  tlie  atraoaphm,  wu 
merely  expreaa  the  fjict,  tliul  U.  tha  elevated  point  negative  electricity  &om 
nir  into  tbo  air  while  positive  electridty  is  tmnsmitted  to  the  electroacope. 

Tiie  causa  of  ntmoaphnrio  electricity  ia  Tinknown.  It  may  porliapi 
ariRe  in  the  ooter  lnyer<i  of  l)je  Atr  where  the  prevailing  temperature  is  eero 
d^^reeM.  frum  the  friction  of  water  droplets  against  neodlGa  of  ice  (Sohneke, 
l.iirini,  1884},  Ui«  ico  becomes  poaitivcJy  and  tha  water  DORatively 
elonlrillpd  (Farailay).  Thvndmtorvw  nre  clivttirlMincija  of  tVie  vlitctricu 
vguilibriiin!  a(  Iho  atmmphere,  dun  to  the  rapid  formatioit  of  heavy  clotide. 
Storm -clatKb  are  aomutiinea  poaitivel^,  and  Bomoliinefi  negatively  etoctrieal. 
IJghtuinff  'n  merely  a  ;;igatitic  cleetriG  apark  paaaing  between  two  cloads,  or 
lietween  a  cfouil  atid  the  enrtli.  Franklin  waa  the  first  lo  damorvfrtrate  the 
(.'leotrical  natore  of  ]i;>htniiig  (1752).  He  flow  a  kite  provided  with  miitable 
[MMnla  nndor  a  lieavy  cloud,  and  after  tho  Etriii^  hecnmo  moistened  by  the  nin 
And  was  made  coodiictin;;,  Ilo  was  able  to  draw  sparks  from  a  boneh  of  keys 
Btupended  to  Uio  cord.  The  sparks  were  found  to  differ  in  no  way  Ifom 
those  proilnced  by  an  eWtrical  raacliino.  The  dnration  «f  lightndd]^  la  a» 
i-xtraordinArily  bncf  that  a  rapidly  Totatiog;  wbocil  itinminalcd  l>y  it,  seems  to 
ntand  uill,  Ifccatii'o  ilnrin^  tho  extrcjntly  i>hort  ihirntion  of  tbe  iUiimination 
tlH^re  it  not  time  for  tliQ  wheel  to  move  appreciably.  Wbcatltooe  ODceloded 
from  auL'h  cxperimerlK  an  this  that  the  duration  of  licKtniiig  ialeeathan  0001 
KC.  AccordinK  to  apponrancoo,  three  kinds  of  liKRtuiiif;  are  duUnjuiLished. 
%ift-»ag  liKbtniuff  sppvara  aa  au  extremely  «lciidcr  tine  of  lisht  carved  about 
irregularly,  but  never  moving  ia  a  sbarply  broken,  au^nlar  path  [ae  »  frequently 
rapfftnted  in  pictnrea),  from  dond  lo  cloud  or  hom  the  clouda  to  the  earth. 
It  b  oReo  divided  talo  forked  tongues  ronsixtini;  of  eovoral  brandMS,  and 
renDd>lu  in  this  particular  the  sparks  drawn  from  the  condoctor  of  an 
electrical  machine.  Shfd  lightning  aptonds  ite  luminoai^  with  mucli  lev 
lirilliancc,  and  n^iinlly  with  reddish  colour,  over  vaat  aieao  of  dond  aurftfie. 
U  in  pmtwbly  only  the  refliKiliuii  of  zig-iMf  lightning,  whoee  direct  patli  is 
covered  by  a  cloud.  More  seldom  and  of  more  enigmatical  ortpn,  ia  the 
an-enlled  oaB  l^htning,  which  has  ilie  appearance  of  fire-liallB  pttiiiging  front 
rho  donda  to  the  carlh  and  moving  so  slowly  as  to  permit  the  cyo  to  follow 
ihcir  course  and  tho  mind  to  estimate  tlieir  velocitr.  Oflcndmca  the  baO 
vanishes  suddenly  and  uoi-ielcinlT.  bat  frequcntlv  it  ffiim  to  picoee  witha  loml 
rr|nrt,  tihooling  o7  t'g-tae.  liglitning  in  ell  directions  and  crentiog  greet 
oonrtemntioii  and  lUmnge. 

IMitoing  alvay*  travele  in  tlic  path  whicli  oAVtra  loaat  ramatance  to 
dertnca]  discharge.  For  tliEa  reaeon  it  prefera  metala.  If,  tn  ila  path,  it 
roeela  a  body,  which,  by  viitne  of  a  small  conductlTfta',  opposes  a  reaiatanco 
to  its  paaaage,  it  got*  around  it  when  the  resislanoe  of  tbo  circuitous  tdbIo  ia 
U>>w  tlian  that  of  the  obstacle.    ^Vben  this  is  not  the  case  it  penetrates,  or 
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«Ton  sbatten  to^  pieces  tlic  poor  conductor.  On  its  pnwgc  llirou^h  the 
conductor,  lightning  develops  a  quaittily  of  hont  pm|iortioruI  to  tlic  nMisUnc* 
it  uTeroomm  Thick  {>1st«ti  of  metil  of  hiiihU  n-fiiitUiioe  itrv  nlao  slightlj' 
heftted.  Tliln  vrirrn,  or  Hmnll  rmKrit-TiU  til  tiivtolH,  wliic^i  ofTer  Kjo  coiilracL^'I 
afamgetalbeelerlricit}',  areineIt«')a'i(liioni6lii[je«i!rQiidiiui|>3ted  tovapaiir. 
On  th«  top§  of  raoiitiUiiiis,  the  edges  of  jagjc^il  ropks  nro  fioquciiUy  obsorred  to 
be  molten  ami  viti^ied  at  tlioii  tiurfacefl.  When  li;,'litn)ng  strikes  in  aandy  aoil 
it  furms  bmndiiiig.  lubo-like  cavLtJes,  clazeil  on  thdr  innut  Hnriacoa  from 
llie  fu»irig  M)d  tiowing  logollier,  or  vitrifying,  of  tliu  griiini  «f  njiTid.  TliOM  am 
Oilleil  iiyhlning-UUMm,  m  fnlguritft,  or  mind'tiiba.  Thuy  freijui>iitly  itUaia  a 
length  uf  from  >i  la  W  i[ii}ti.i>t,  amJ  itn.<  frotn  a  f«w  mm.  tu  fi  ciu,  wide,  tapning 
.  dowuwiiid  into  a  Imig  kIiujiIct  jiuiitt.  CDiiihiiHtiblo  bodies  are  coniiimed  by 
lightning,  anil  lii]iii(ls  are  vapori/.e*!  by  IL  Trees,  wbich  arc  rendered  nine- 
wniil  ooiidiitling  by  the  tiap  beneath  tbe  rintL  are  frequently  struck  byligbtniog. 
Ttio  ririil  is  pHrforali'd.  the  bark  shelled  off  in  iilaces,  and  tlie  wDudy  fibre 
tplil  Mild  HhuttenicI  into  tiumberlwa  j)iec«a.  The  nnueouK  vspotir  which  in 
KUddwily  donlopod  from  tho  aop  of  the  troo  deubuom  huM  a  fiart  in  tho 
deairacUre  cfibct.  Men  anil  tuiimab  are  deafenod,  or  even  lulled,  when 
lightning  directly  strikcii  their  bodlea,  or  other  object*  in  their  imraediate 
neighbourhood.  Id  the  latter  cose  tli«  ahock  la  due  to  tho  so-caUod  reaction 
«r  lli(-  Htrokc.  Under  tbo  action  of  a  stonn-oload,  tarrwrtrial  objects  are 
cliargpd  by  induction  with  electricity  oppoelto  to  that  of  t]ie  cloud.  linin«di- 
fttcly  tliu  cloud  disuhargca  ic«  oloctricity  by  a  etraks  of  lightniiifr.  tuid  th« 
inducing  action  ceosse,  tho  induced  electricity  coUwtod  upon  tb«  body, 
just  AB  Hnddenl^  pnoBoa  off  into  tiie  cartii  and  has  preclialy  the  umo  efToct  aa 
if  a  Etroke  of  liijlitDiiig  had  jmuhikI  tlirougk  th«  hody.  Upon  the  aldn  of  tii« 
htunnn  body  tlic  lrao«  of  a  <tirect  ittr&ke  of  lightning  haa  tne  form  of  a  Rtrcafc, 
or  band,  witit  a^-tag  edge*,  or  branching  arms.  MauytlmestbeMSoaraexhiUt 
th«  fonns  of  stars,  or  trMa,  formed  of  Dumborle«a  bmnches.  Aller  a  stroke  of 
lightning,  or  even  aAer  a  timudetatonu,  tliu  el«ctri«d  odoui  (191)  ariiiaf!  from 
tbe  fonnatioii  of  oeouc  is  frequnitly  perveptihle.  VsuaJly  thU  odour  is  hk«D»il 
Co  lli«  "  small  of  Kulpliar."  When  liglitnuiK  [lawws  utor  a  maiiinutic  necdla  it 
ftoqu<n>IJ>'  d(?priTcs  it  of  it^  maguetisin,  and  aomctiiucs  vwn  r«TcrMe  ib 
poIm.    uiatruraonts  made  of  Btetif  m  frcquontly  mogiictizcd  by  the  vfled  of 

UgfalUUlfc 

Ah  lAc  Mjiark  of  ao  dootrical  luacliino  ts  alwnyv  accompanied  by  a  re])Ort, 
to  in  li^htnitiK  nln'ayii  acooaipanied  by  thunder.  Since  ugbt  is  tnuanuttad 
almost  iiurtatitlr,  while  sound  a  iimjuigated  compuatiTBly  bIovIv,  tho  thundvr 
iH  alvrayabmrosoinBtinio  after  iho  flash  of  li^itaiugieMcn.  From  tho  timu 
whii-b  vlA|n<n  between  the  flash  of  lif^htning  and  the  clap  of  thundvr,  one  may 
readily  riiiTi|itite  the  diHtiuicv  from  the  oWmr  to  llie  ch'iid  t>y  lumcmbcring 
that  bouud  [.rnTi-rtnH  34A  m.  jier  aecoiuL    Allhougli  (he  euund  ariaos  at  all 

Iiointe  of  tlie  patJi  of  cite  li^^htnlng  eioiultanoously,  and  like  tlio  electric  spark 
oMm  but  an  oxticiuuly  bliort  linie  in  cansoqncnco  of  the  bIow  nroiMintioB  uf 
itoiirid,  ihi.-  pcol  of  tliunilor  i>  miuiy  tinii;»  ht-ard  for  45  eccoiiJk.  TIio  patli 
of  tlic  lightning  frci|ucnllv  (-xknd»  thrvkiigh  10  to  16  km.  If  wc  OMnimc  that 
tlw  dislaricoH  of  the  vnrlunn  points  of  ito  cunmc  frum  our  jiotitioR  (lifTer  liv 
only  lOOO  ni.,  the  rc|<ort  arttiiiiK  from  the  rcinottHt  jioiut  of  the  patli  will 
reach  lu  three  secondti  later  lliaii  that  from  the  nearest  pouiL  During  llih 
IntATTa]  the  report  is  not  uniform.     Usunlly  die  thunder  b^^s  with  a  low 
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rnnibling,  whicli  in  futlawod  by  violent  crackn  ami  cla['.i,  and  fmally  diua  awajr 
in  a  m^ed  roll.    Frum  nil  portions  of  tJit:  r.\ji-iAf,  jmih, 


wliL-tbcr  directed 
toward  or  from  us,  a  wpar&te  report  reacbeii  us,  and  from  each  point  in 
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pkrtieulnr.  Fmm  nil  poials  of  tbo  path,  whldi  He  traiiEver^ely  to  Uio  ctlroctioii 

I  of  pro[iBgatioii,  tlio  roport  reachca  ui^  simutuucoua!}-,  ati<l  to  Ikiit  n  cmck,  or 

kflUp.     A  ntratk  uf  ll^liUting,  all  of  -n-|ic<ic  points  arc  L^qually  ilinCAQt  frt>iu  tba 

^Wr,  Iot  ex&intilt!,  it  streak,  wliicli  nii^lit  be  iiniipOHctl  to  lie  on  tliu  c'lrcutnfot- 

enoo  of  A  drcle  whoac  cc iitru  '»  m  th«  cur,  would  Hvc  •  reiiorc  wlilch  wciilil 

be  porocirod  aa  a  Hiii^b  iiuilAiitiuiciiiiM  vXtvp,    An  abrupt  curvi;  of  Uio  path  of 

tlio  lightning,  however,  cuUheA  a  suiJikn  i^liaiige  in  the  IntciiMCy  of  the  nuimil 

I  j^terooivci],  wliilcat  tlic  Bamo  timu  it  produGea  a  dIaplaceniDnt  ofita  pcTC«nti»u 

\\n  time.     In  arUItitfu  lo  lliis  caiisc  of  the  diirattOD  of  a  peal  of  tliimilar,  a 

[laocund  niii«i  K-  mciiliotiei],  iiamolj:.  tho  revorbontions  from  eliff  lo  cilflT  aoi 

I'betwccti  tiioiiiitniii  wiilU,  n*  rIro  from  tlie  clotidii  them^elnxi. 

Tlie  liffhtnintj  roii  (Frnnkliii,  17^3}  is  based  upon  Uiu  property  poosened 
by  pointH  of  permitting  clei^lricity  to  flow  with  reaaincHt  froin  iitem.    A  higii 
[xniited  ix)d  of  metal,  coiinecrtcd  hy  a  good  oomliictor  with  the  earth,  and 
Jftonmnatiii<j!  Home  disUitco  beneath  tlie  aarface,  coniititiit«a  it>  fleeeD(i«l  liart. 
|71i«  point  of  tJie  itoD  receiving  rod  is  gilded  to  protect  it  from  rust,  or  Et  Is 
rpTvpared  from  wruu  cubRtjiDco  snuli  aa  plalinnm,  or  ^ilrer.  upon  which  raat 
Idoea  not  collect.    Tliu  cundtictur  coiuiitaa  either  of  an  iron  rod  of  a  cable 
Vwound  from  copper  wire,  or  from  gnlvuuxod  iron  wirr.  ami  it  tniut  not  be  too 
Eatender.    The  conductor  \t  mipiwrlDd  by  fron  hraokiiCR  ujion  itte  toof  ktiA 
[along  the  vralla,  and  finally  burl«d  beneath  the  sorfaco  of  the  ground    1u 
-  Ihiti  way  it  is  ia  conoectiuit  witit  all  the  larger  ueUllio  pottlona  of  thobtiililiiif;, 
t.g.  ttiit  guttor^,  water  aiid  gas  jaota,  eta. ;  but  it  is  cepecially  iniportiint  tlmt 
ilio  connDcdun  with  the  ground  shall  be  good.    Dry  evth  condncbi  uhiclrioity 
very  ]>oorly.    If  jKHmhIv  tliu  end  of  tbe  conductor  should  ba  boriod  is  moiat 
emh.  or  in  a  |>ooil,  or  brunk.  If,  however,  no  lar^o  mass  of  wator  t«  tvailabte, 
die  eonditctor  tniut  gicnctrtitc  tbe  (<»nh  to  a  layer  which  i»  alwavv  moist, 
and  iti<  branching  tirmirinl  xhoiild  thoro  bo  imbedded  in  cnnnla  ftllod  witli 
cliareoa).    The  latter  i^  at  otico  a  good  conductor  nnd  a  preventive  of  oxida- 
tion.   Tho  conductor  may  nlso  bo  nindt  to  ittmiinat*  in  a  plat«  of  mota]  with 
ext^ndwl  Biirfacoe.     If  an  electrified  cloud  pai»««  aboto  tho  point  of  tlio  rod. 
It  actM  indiictivoly  upon  the  cooduclor,  ttio  liko-tiaoied  electricitv-  in  repelled 
into  the  «krth,  And  tho  uoliko  is  attracted  to  the  point  wbcnco  it  iiwuce  toward 
I  the  doud,  w««k<M:irig  or  dc«troying  it«  chitrgv,     C'loud«  moving  over  a  city  in 
I  which  there  arc  ninny  «uch  roibi  Iom  in  thiu  way,  through  a  qtiicaooDt  action, 
^the  iMJor  portion  of  their  ek-ctricity.     If  Iho  slow  How  fri>ra  the  point  is  not 
'nfficieiit  to  reodor  tliv  dond  haroUi.tts  lh«  liuhtiiiii^- will  Ktrik«  tlie  rod,  and 
if  tb«  conductor  is  ^ooi  the  declncily  will  puM  o!T  tutu  th»  Ktouod  without 
Injury  to  tho  biu'Jduig.     Witli  Uie  otoiuary  arraa^-uuivtit  of  bgbtidng  rods  il 
nay  he  aonmcd  that  tho  receiving  rod  protects  a  drda  whose  ludiiu  ia  equal 
to  the  beieht  of  tho  rod, 

A  btiildiiiK  to  \k  ]iiotcct«d  mny  also  bo  nnitoctcd  by  a  notwork  coiisLstuis 

of*  large  amnl'tr  of  wiro»  cmincctod  with  Inc  curUi  without  uniuK  the  roooiv- 

faigrodat  aU(3delwnN  1R4!lt^.    The  nction  liero  iHsiroilarto  UiAt  <^aM«tBe> 

rncdicd  envelope  of  wire,  whicli,  let  has  been  ptduted  out,  protecta  iba  aaekMon 

'  Dm  tho  effect  of  oxlemal  cloclrical  influenoea  (174).    llie  notwork  of  telc- 

aph  and  telephone  wires  aboro  the  housoa  of  dtiee  acta  ■>  on  immenw: 

Ebtniiii:  ro<l,  whose  connoction  with  the  earth  is  kept  in  good  oonditioD  by 

«Olitinlluun  11^. 

IH.  fyn-eleotiioitj.^A  tucirraalinc  crystal  cut  into  a  cylindrical  furni 
.cornea  positive  at  uiie  end  and  ncKtuive  at  lh«  other  by  alnipty  lieating  it. 
■vo  the  i>tlicr  hand,  one  cud  beoouiea  ncj^lively  and  Liie  other  podtivelr 
«loctnficd  on  cooHng  (Canton,  17D0;  Bergmann,  1767).     The  end  whidi 
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becomes  poBidve  on  heating  is  colled  the  anaiogae,  and  the  other  the 
analogue,  and  th^  connecting  line  is  designated  the;  electrical  axis.  With 
conetant  t«mpemtiire  the  cryetiu  is  not  electrical.  Ciystale  Boch  ob  turmaline, 
boracite,  etc.,  which  develop  opposite  electrical  polarity  at  the  ends  by  change 
of  temperature,  are  called  termititU  polar.  Others,  such  as  topaz,  prehnite, 
etc.,  on  heating,  exhibit  two  like-named  polarities,  both  analogous,  or  both 
antitogous,  since,  by  hypothesis,  the  corresponding  opposite  poles  lie  at  the 
middle.  These  substanceB  are  on  this  account  csTleu  eentrai  polar  (Hanke!, 
since  1839^. 

The  distribution  of  electricity  npon  the  sur&ce  of  pyro-electrib  c^rtals 
mav  be  rendered  apparent  by  sprinkling  the  electroscopic  powder  of  mminm 
and  aalphur  upon  Uiem  (Enndt,  1883). 

IBS.  Ftan-alMtrldity. — Pyro-elecbic  crystals  become  charged  when  subject 
to  a  pressure  in  the  direction  of  the  electrical  axis  in  the  same  way  as  on 
cooling.  When  the  pressure  is  diminished,  or  when  the  crystal  is  subject  to 
a  pull,  the  same  effect  is  produced  as  if  it  were  heated.  The  electrical 
masses  developed  in  this  way  are  proportional  to  the  change  of  pressure 
(J.  and  B.  Curie,  1881). 

Non-crystalline  bodies  are  also  electrified  by  pressure.  The  two  pieces 
of  a  divided  cork  are  oppositely  electrified  when  ttie  surfaces  of  cleavage  are 
pressed  smartly  agiunst  each  other. 


(      Ml      ) 


Vm.  ELECTRICAL  CURRENTS. 


196.  Oalvanisin.— Louis    Galvant,    professor   of    anatomy    in 

Bulogna,  noticed  (1790)  that  the  \eg  of  a  skinnod  frog  jerked 
whenever  n  sparlc  was  drawn  from  the  conductor  of  an  electrical 
machine  situated  near  it.  The  twitching  of  the  muscle  waa 
manifestly  due  to  the  reactive  effect  of  the  discharge  (vide  253) ; 
(mt  Oalvani  thought  he  snw  in  this  phenomenon  a  confirmation 
of  his  faTourito  view  of  the  existence  of  an  electricity  pecnliat 
to  the  bodies  of  animals.  Ho  accordingly  devoted  himself  with 
gre«t  zeal  t<»  a  further  study  of  the  oljservcd  facts.  On  one 
occasion  he  happened  to  suspend  several  I'mgs'  legs  by  wire 
liooks  upon  the  iron  railing  of  his  baleuuy  to  test  the  effect  of 
atmospheric  electricity  upon  them,  lie  noticed  a  vigorous 
twitching  of  the  muscles  whenever  bu  loiichetl  one  of  the  frogs' 
legs  to  the  iron  railings.  He  was  soon  eonTtnoed  that  the 
phonomonou  had  nnthing  whatever  to  do  with  the  electricity 
of  the  air,  but  that  it  occurred  whenever  the  nerves  or  ttie 
iipinal  colamn  of  the  frog  came  into  metallic  connertion  with 
the  mtucloe.  According  to  fialvani's  view,  the  leg  of  the  frog 
Quy  be  regeided  as  a  sort  of  l^yden  jar,  whoso  opposite 
electrical  coatings  are  the  nerves  on  the  one  side  and  the 
muiurle^t  on  the  other,  and  tluit  tlie<iR  coatings  discharge  into 
iMi'h  other  when  brought  into  metallic  coiuioctioii.  The  obser- 
vation made  by  Oalvani  himself  that  the  twitching  became 
more  violpnt  when  the  connei^ting  metal  was  composed  of  tnti 
difTcront  substances,  caused  Alexander  Volta.  professor  of 
physics  in  Paria,  to  wek  for  tbc  electrical  source  in  the  metoU 
rather  than  in  the  frog's  leg.  When  Volta  completely  dented 
that  electricity  is  developed  in  the  bodies  of  animals,  he  of 
uonrse  wont  too  far,  for  it  has  been  shown  more  recently  that 
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ttie  tljMir  a  froHtily  prepared  muscle  ia  in  reality  negaciveij 
i*lmrKfl<l  nric]  the  oiul  attwthed  to  the  brass  positively  (Du  Bois- 
Itflyniorid,  IMN),  IIib  view,  however,  led  him  to  the  important 
Hlld  t'rilitftd  dim'iivory  that  two  metals  of  different  Hnda,  when 
imuf/ht  into  rontaet  ivith  each  other  are  oppositely  electrified. 
Klcx^rii'ity  |>nHiiii'iHl  in  this  way  is  called  galvanic,  or  contact 
plw'lricily. 

187.  Faodftmuital  Sxpwiment  of  Volta.— This  fact  may  be 
dciiiDiiNtrHtofL  by  the  following  experiment.  A  zinc  and  a 
oopiHT  tliiik,  IHtoil  with  insulating  handles,  are  brought  to- 
)I«tht>r  NO  thiit  thetr  oloan  metallic  surfaces  are  iu  contact,  and 
Mv  lli[>u  (dipiwl  a|Mu:t  jiarallel  to  each  other.  The  electroscope 
tl)0H  wliowM  tho  Hiuo  plhto  to  be  (Hwitively  and  the  copper  pkUe 
up|i:ativoly  vlm'triltoil.  Since  the  electrical  mass  developed  by 
M  Mti)tltf  tH»(t«t>t  IH  tiH)  small  to  act  strongly  upon  the  electro- 
i>ot>|)V>.  Vulta  iimhI  thi>  inrndeuser  (vuif  lti9X  devised  by  himself, 
whWh  \w  »«wwtHi  to  his  electroscope  to  increase  the  density 
\>t  ili*  oliM^itv,  To  (trevont  contact  with  other  metals,  one  plate 
K*(  \\w  i^utdvutwr  WMS  made  i^  xiuc  and  the  other  of  coppw. 
WA\i  vrpn>  \-iuriu^hHl  U{xm  their  adjacent  sides  so  that,  when 
t4M>  xkiw  !«>1  n|Hm  th*>  other,  a  thin  insulating  layer  of  resin 
W|MM«tv«l  ihoui.  Whou  the  line  and  c^^pper  disks  mentioned 
aU>\t>  >At>n>  takvn  a|)att  alVr  v»utaot,  the  former  iras  toocbed 
lv»  tht»  $m\-  M\\\  th*  ialt-^r  to  the  ^vpjvr  plate  of  the  ooodeik^v. 
th<f  9«»M>  (WKVci;:  Vio^  r«>|<««t<eU  ^^me  sixteen  times.  The 
U(^<iM-  |*Ut«»  »*s  )H**  Uft*d  »xff.  and  the  caiML-ity  of  the  coq- 
«W*w*r  »*  diwiui^Al.  thai  th^*  *lei.-lrk»l  mass  ix4kcied  npoo 
lW  K>»vt  i^at*  nu<**4  the  i>m$K>o  ^-it  the  el«<.ixv».v[i«  hijeh 
«'*''*»^  »».»  *|w».t  th«  J^>^4  Wavw  apuf.  with  p.-«tiT« 
<4<N^n>.-«i>;,  »W«  tW  k\>ttkW<k»tajc  i^Uw  Aitwed  to  tie  elek-tp^- 
»,\»^v  «i*s  ■.NMKixwfrt  -.•<  5iiiK\  »*i  »ita  r)e^7ftSiv«.  «»a»sa  Ei  wa^ 

tW.  T«tta'»  CiMMt  SMin.— V.  ^  :zi«$CLfkS«£  ccbar  aniOftt 

i*  li;*i  »^(^x,  «fi   ICTMW^^i  4:*?  «Wttl"5$  S."  12*3  lirt  SKOaltf  3.-01  a 

li.'tts-^w^  »',5i;  ^irt  ?.-iv»:3tf.>  i*.v(tti*i  ?OK.^miCc  iiftcrrM*!.  ami 
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this  r^eries  :  zinc,  lead.  tiu.  iron,  copper,  silrer,  gold,  platinum,  to 
which  may  be  added,  a»  aon-metallic  bodies,  carbon,  and  9ome 
metallic  f>xide3,  e.i^.  manganese  peroxide  and  lead  peroxide. 

199.  Volta'i  Law. — The  ditTert-m^e  of  elec.triftal  tension,  or 
of  |M)tflatial,  produced  liy  tby  coiitafTt  ol'  any  two  of  i\\&sB 
boilies  is  a  definite  tnaf^aitiide  dejwnding  upon  the  constitntion 
of  the  bodies,  but  independeut  of  their  form  and  magnitude. 
To  charge  the  metalB  to  their  eharocterislic  [)otential,  it  is 
only  necessary  for  theiu  to  touch  at  a  single  point.  The 
r|iiaiitity  nf  electricity  developed  may,  however,  lie  very 
different,  niuoe  the  t-apainty  of  the  two  bodies  is  dotormined  by 
their  form,  size,  and  relative  position.  11  the  ymxc  and  the 
copper  fliscs  are  placed  with  their  anrfaces  in  contact,  they 
form,  together  with  the  atmosphorio  layer  adhorinf?  to  them,  a 
condenser  of  high  capacity,  which,  of  course,  requires  a  large 
quantity  of  electricity  to  charge  it  to  a  definite  difPerenoe  of 
potential.  But  if  tbe  surface  of  one  disc  is  toncLed  uith  only 
the  edge  of  the  other,  the  capacity  is  very  small,  and  to  charge 
the  apj)aratu8  to  the  same  difference  of  potential,  a  far  smaller 
qnaiitity  uf  electricity  is  rei^uired. 

The  differenoe  of  tension  between  two  substances  is  fjreater 
the  farther  they  stand  apart  in  the  contact  seriat.  By  means 
of  a  straw  idcetrugcopa,  ao  arranged  a»  to  permit  the  divergence 
of  the  strawH  to  he  estimated  in  degrees,  Volta  found  the 
following  numerical  values  for  the  differences  of  potential : — 


Zinc  -  leail 

...     5 

Copp«r  —  silver 

...       1 

Lcftd  —  tin 

...     1 

Zinc  —  silver    ... 

...     12 

T^n  —  iron 

...     3 

Tin  —  copjicr  ... 

...      fi 

Iron  —  cci|)iicr    ... 

...     2 

ZiiiR  —  iron 

...      9 

If  now  the  tlrHt  five  valiien,  fniin  zinc  —  lead  to  cupper  — 
silver,  are  lulded,  we  have  5  +  1+3+2+1=  12.  which  is 
precitely  equal  to  the  <liffcruiice  of  {xttential  Itetween  the  first 
and  the  lust  metals,  i.e.  hctwt-un  zinc  and  xilvet  as  given  by 
obeervation.  We  find  also  that  tin  —  iron  +  iron  —  copper  = 
till  —  copper  and  zinc  —  lead  +  load  —  tin  +  tin  —  iron  = 
jtinc  —  in)U-  It  follows,  then,  that  the  differeuce  between 
two  sabntanceg  equals  the  sum  of  the  potential  differences 
between  the  terms  of  the  potential  series  lying  between  those 
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HiibstaneeH.  ThU  proposittoti  Ik  called  Volta's  Ihw  of  tension,  or 
i.ii  differeixct  of  potential.  \*<illa  railed  those  stihstances  which 
follow  this  Iftw,  viz-themetjils  in  particular,  inchiiling  mercury. 
conductors  of  the  first  eiaaa ;  the  conducting  liquids,  howcTer. 
ospecially  onlinary  water,  AiHdx,  ullcAlit),  frnlt  solutions  which  da 
not  confirm  to  this  law,  eomlucfoyg  of  the  $eeond  elatt. 

200.  Contact  of  HetaU  with  Liquid*. — Volta  assumed  that 
eleetricily  is  [irodured  only  by  contact  of  metals  with  eacli 
other.  liSter  investigations,  however,  have  shown  that  metals 
ura  KlfvO  olectrified  by  liiiuidii,  which  act  chemically  u[>on  them, 
and  that  tho  difference  of  potential  produced  is  greater  the 
stronger  the  tendency  of  the  liquid  to  enter  iota  ohomical 
combination  with  the  metal.  In  contact  with  dilute  sulphuric^ 
acid,  most  metals  are  negatively  electrified,  while  the  acid  is 
equally  strongly  electrified  positively.  But  zinc,  whicli  haj<  a 
great  aflinity  for  sulphuric  acid,  attains  about  as  (jreat  a 
negative  teusiou  as  mpiier,  which  possesses  a  much  suialler 
tendency  to  combine  with  it.  rtatimim,  which  is  not  att*ck«d 
by  snl])hnric  acid,  is  not  at  all,  or  at  most,  very  feebly  elec- 
trified by  it. 

20L  Eleotromotire  Force. — Cy  Volta's  discovery  a  fact  wax 
establiithed  which  sG«mod  to  contradict  experience,  so  far  as  it 
had  gone  at  that  time,  with  reference  to  the  uaturo  and 
twhaviour  of  electricity.  Two  different  conductors,  when  in 
tiontoct,  become  ehargeil  with  opposite  eleetricitie<i,  which,  in 
spite  of  their  mutiuil  attra(;ti<m,do  not  combine,  but  during  the 
entire  time  of  CAiutnct  teiuain  xejmrat^  and  at  a  constant  differ- 
ence of  potential.  To  ellect  thb  separation  work  must  be 
done,  tho  amount  of  which  equals  the  potential  energy  of  the 
difforcuce  of  potential  attained,  and  the  necessary  work  t< 
luoasarcd  by  this  mnie  difference  of  [lutential.  This  quantity 
of  work  is  called  tlie  deelrornotive  force, 

202.  Voltaic  Pile. — Any  number  of  pairs  of  metallic  plates 
(conductors  of  the  .secmid  cIu-sm)  may  he  placed  one  npon  the 
other,  in  which  case  Ihc  difference  of  potential  between  the 
tcrounal  pktce,  by  virtue  of  the  law  of  tension,  renuuns 
the  same  m  though  the  terminal  plate:!  were  in  immediate 
ooDtftcL     By  making  use  of  liquids  also  (conductors  of  the 
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second  ulwta),  Yolta.  Duexsoodod  in  rauung  the  foeble  electro- 
motive force  to  A  high  diSbrouco  of  potential. 

If  a  di»k  of  lAstfl-boun],  or  felt,  saturatecl  witli  a  dilute  &oIu- 
tion  of  siilphiirio  acid,  be  laid  upon  an  insulnted  copper  plata, 
and  upon  this  o  stinir  plate,  at  the  surfacea  of  contact  of  the 
metals  with  the  tixtutd,  electromotire  forces  act,  each  of  wbioh 
repels  negative  electrii^ty  to  the  metal  and  positive  elec- 
tricity into  the  liquid  and  to  the  other  metal  incoDduciiuifoun- 
noctioQ  vrith  it.  iJut  mnce  the  electrical  excitation  between 
zinc  and  >nilphuric  acid  is  about  four  timea  aa  gr«at  as  that 
between  cn|)))9r  and  sulphuric  acid,  abimt  four  times  at  much 
electricity  parses  frum  the  zinc  to  the  cupfier  plate,  as  the 
•copper  plate,  by  virtue  of  its  own  action  with  the  sulphuric 
acid,  is  able  to  ahaurb  of  negative  electricity.  In  the  itinc 
]>lat«  thei-e  is  developed  the  same  excess  of  n^atire  elcctxicity 
over  the  jiositive  electricity  led  to  it  from  the  copper  plate. 
The  en]i[»6r  plate,  therefore,  becotneB  iMwitively  (•harge<l,  and 
the  zinc  plate  is  juiit  a^  Htrungly  cliarged  negatively,  both  with 
a  clitTereiicti  of  potential  equal  li>  the  difference  of  the  electro- 
aootive  forcrfl  «»)'  coppiT-siilpbiiric  lurld  and  zinc-sulphnric  at-id, 
Kir,  what  is  the  itauio  thiu^,  equal  to  the  sum  of  coppor-salpburic 
«cid  and  zinc-sulphuric  acid.  In  the  combination  coppcr-Uquid- 
sino  (CI.Z),  vfAXeAn,  voltaic,  i>r  ^atmnui  ehmeni,  or  pair,  we  have, 
Acoordiogly,  an  appHratiis  whose  continiiously  acting  causa 
repels  positive  electricity  into  the  copper  and  negative  into 
the  zinc  plntc.  TIuh  action  eontiuuoii  until  a  definite  difTercnce 
»f  potential  is  reached,  which  occurs,  huwcTOr,  in  an  cztremoly 
brief  time,  and  this  difference  of  potential  is  then  maintained 
under  all  circumstatiws. 

The  electromotive  ofloct  which,  with  a  single  pair,  is  verr 
amall,  rises  to  a  high  difference  of  potential  if.  as  was  dune  by 
Volta  (1800),  several  elements  are  placed  upon  each  ether 
in  the  form  of  a  column,  and  in  the  order  Cl^  CLZ  .  .  .  the 
^Mme  electromotive  force  is  effective  in  each  clement,  expelling 
the  electricities  toward  opposite  directianR,  the  positive  to  the 
copper  end,  and  the  negative  to  the  zinc  end.  The  terminal 
plates  miiHt,  therefore,  attain  a  difference  of  potential  as  many 
4imes   higher    than    that  of  a   single   element  as  there  are 
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uletuent^  in  the  colamn.  The  coppor  end  will  be  positively 
electrified,  ami  the  xino  end  jiisrt  ns  strongly  negatively 
elei'tridetl,  while  the  middle  of  the  i-oliimti  remsins  neutral. 
Iiecaiise  here  et^anl  and  o|>]MK!itc  teiidioiis  (pLitentials)  meet  nnd 
neutralise  each  utiier. 

Fur  eimpiicity,  in  the  fitrogoing  diffciuwioD,  the  electromotiTe 
elTec^t  due  tu  the  contact  of  tb«  uetal  iplates  with  one  anotbor 
was  nejfleetcd.  Tlie  riiml  residt  is,  )iowev-er,  not  altered  in  any 
qualitative  particular  by  this  procetlim*.  The  entire  effeet  uf 
this  latter  modifying  circumstance  merely  requires  the  difference 
«if  potential  due  to  tlie  notion  n(  the  lir|iiiil  to  be  augmented 
by  that  due  to  the  mutual  contact  of  the  metallic  plates. 

Tig.  167  showfl  the  voltaic  pQi  in  its  original  form.  It  is 
contained  between  gloss  eolmnns  let  into  the  varni-shed  wooden 
plates,  <i  and  h.  The  ends  of  the  pile  are  called 
itg  poles,  the  copper  end,  the  positive,  and  the  xine. 
the  negative  p«.de.  Vtdta,  who  regarded  the 
contact  of  the  metal?  alone  as  pmduutirc  of  the 
electromotive  olloct.  and  the  fluids  as  merely 
inssire  condacturs,  contitriK-ted  bis  pile  of  double 
plates  oompoBed  of  copper  and  zim-  disks  soldered 
t^>gether  in  the  order  ZCL,  ZCL  . . .,  so  that,  iu 
Ibis  fuse,  the  positive  end  was  zinc  and  the 
negative,  copper.  If  copjier  wires  are  atlaclitMl  to 
the  terminal  platen,  the  poles  appear  to  be 
dinploeed  to  the  ends  of  these  wires  {elec- 
trotiea).  So  long  as  the  wires  are  not  allowed 
to  biueh,  the  pile  is  open,  and  exhibits  to  electromotive  teats 
measurable  phenomena  of  potential.  If  V  denote  the  difference 
of  potential,  produced  by  an  element,  and  n  the  number  of 
eleinenta,  nV  will  denote  the  different  uf  pfitontial  of  tbe 
entire  pile.  If  oue  end  be  connected  with  Iho  earth,  it  is 
bronght  to  the  potential  zero,  and  tbe  otiier  end  has  the 
IKitential  £  nV ;  hence,  at  the  middle  of  the  pile,  the  potential 
li  ±  4»V.  If  the  pile  is  now  Lnanlated,  the  potential  at  the 
positive  end  becomes  +  inV,  at  the  negalivo  end  —  JnV,  and 
at  the  middle  zero,  ao  that  the  difference  of  potential  is 
again  n\.    This  difference  remains  unchanged,  no  matter  huw 


(<t 


Vm.  nn.— 

Vnllftio  Tilo. 


ELECTRICAL   Ci/RRBXTS, 


337 


tlie  value  of  tLu  jiuteiitiul  ut  the  \K}\e.s  themaelx&s  be  chauged 
by  the  a|n>lirfltioa  oi'  eleclriuity  from  withoiit. 

803.  The  Dry  File  of  Zambooi  (Ritter,  1802 ;  Behiens,  1806 ; 
Zaiuboni,  lbl2)  is  a  voltoie  pile  of  from  one  thousftnd  to  two 
thuusamj  pairs  of  plHles,  hi  which  air-<lriod  paper  takes  the 
place  of  the  nKiistenet]  disk.i  «if  felt,  uopper-bronze ;  or  binoxide 
of  manganese  and  tiu  rcplw^c  tlie  metallic  copper  and  zina 
respectively.  Tu  pTwiniro  u  dry  pile,  leares  of  gilded  and 
silyered  }>atJer  iiTx>  ^tiio.k  together  on  their  paper  sori'aoeB. 
Disks  are  cut  Irciu  thl^  and  piled  udo  abov«  tbe  other  in 
a  glass  tube  in  siioh  nrder  that  the  gilded  surEace  of  the  one 
disk  lies  againat  the  hilvere<1  KnrfBce  of  the  preceding.  The 
tube  ii  then  closed  by  mtrauii  uf  brass  terniinak  cemented  urer 
it^  ends.  The  muistare,  whicli  is  always  present  in  the  air- 
dried  paper,  ai-in  upon  the  jnetal^  with  the  same  electricnl  effect 
as  does  the  liquid  of  on  ordinary  voltaic  pile.  The  terminals, 
or  poles,  of  the  insulated  pile,  become  charged,  therefore,  with 
opposite  eloetritiitios,  the  gilded 
sole,  ptisitiv*dy,  and  the  silvered, 
Ltively,  to  a  difference  of 
jxttential  proportional  to  the 
mimlicT  of  pairs  <jf  plates.  Since 
tbo  electromotive  force,  acting 

leeasaotly  in  eauh  oleuieut.  or 

lir  of  plates,  maintains  this 
difference  of  jiotential.  immedi- 
ately replttciiip;  any  electricity 
wliiob  may  peii;l)aut:e  be  with- 
vmi,  the  poles  will  romain 
oppositt^ly  eloL'trified  witii  un- 
diminishod  strength  for  many 
years.  In  Fig.  I(i8,  a  horizontal  dry  pile  ia  represented. 
JJy  means  of  the  conducting  wires,  c  and  d,  the  poles  are 
displaced  to  the  plates,  a  and  b,  one  of  which,  is,  therefore, 
always  positively,  and  the  other  negatively  olectritied,  and 
both,  too,  with  the  same  intensity.  Over  the  pole-plat«8,  a 
gtas-s  cover  ix  inverted,  &om  the  apex  of  whose  arch  a  thin 
sheet  of  gold-leaf  in  Ausjiended  betiveeu  the  poles,  by  tbe  aid 
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of  a  nietaUio  rud«  terminal  ing  above  in  a  knoU  If  the  gultl- 
leaf  be  brought  iutu  contact  with  one  uf  Ibo  pules,  for  example, 
with  the  positiro  pole,  so  bood  as  it  becomes  charged  with 
positive  electricity  it  will  be  repelled  aud  drawn  to  the 
negative  pule.  After  having  siirreudered  its  jiositive  charge 
to  this  pole  and  received  in  it*  [)IaL-e  a  negative  <!harpe,  the 
leaf  will  be  repelled  from  and  tbeu  attnwitul  to  tht?  positive 
pole,  aud  90  it  will  continue  to  move  back  and  forth  between 
the  poIe<pUtes  inces-santlr.  One  of  these  so-called  "per* 
petnal-matjon  electrical  machines"  may  eontimie  to  art  for 
many  years.  If  the  pole-platPH  are  separated  so  far  that  the 
motinii  iif  the  gold-leaf  ceases  it  will  remain  at  e<|tiilil>riiin) 
midway  between  the  twu  poles,  since  il  is  equally  strongly 
influenced  by  both  of  them.  The  apiMratiia  then  foru.s  a 
highly  aeiuitiva  eleetnif^oupe,  <ralled  the  dry-pUe  deetr^toope 
(Fig.  168;  Behrens,  180tj;  Bohnenberger,  1817;  Fechner, 
1829).  If  B  feebly  charged  body  be  bronght  near  the  knob, 
the  gulddnef  will  lie  attnu^te*!  by  the  op[K>sitely  ele<*tritied 
pole  of  the  pile,  and  reveal  by  its  motion  not  only  the  pretence, 
but  aliKi  the  kind  of  ete<:t^il^ity  upon  the  body  to  be  tested. 
The  drv  pile  is  abto  fre(|iiuntly  applied  in  the  quadrant  ('1ertn>- 
motcr  {vide  192)  to  keep  thu  needle  of  the  iu&tmment  at  a 
eonstant  and  high  potential. 

204.  The  Electric,  or  Oalvaoic  Current. — If  the  electiodes 
uf  a  voltaic  pile  are  brmight  into  contact,  the  pile  being 
thereby  cloHed,  the  electricities  accumulatcflnpon  the  termiDal 
plat^-it  of  the  open  pile  will  neutralize  each  other  through  the 
connecting  wire  of  the  termlnalB,  since  the  {Keitive  eleetricity 
passing  from  the  gilded  end  of  the  pile  through  the  conneeting 
wireto  the  silvered  end,  uidtos  with  the  samo  ijuanlity  of  negative 
electricity  passing  from  the  silvered  to  the  gilded  end.  This 
so^alled  tUetrie,  or  gaivanie  eurrent,  flows  contlnnuusly,  because 
the  electromotive  force  acting  within  the  elements  of  the  pile, 
oontinoally  striving  to  maintain  a  definite  difiVrence  of 
[wtoDtial,  constantly  repels  positive  electricity  toward  the 
gilded  end,  and  negative  toward  the  nilvcred  end,  and  thence 
through  the  cliKaing  wire.  The  closed  pile  is  itself  alsn 
trarersod    by  an   electric  onrreut,  furming    with    the   closing 
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wite  an  unbroken  circuit,  within  which,  after  a  bri«f  inttiiral 
following  the  instant  of  closing,  a  stationary  condition  ■» 
leacheil.  When  this  stato  of  tlynamic  (M^uilibriuiii  has  been 
reached,  through  each  section  of  the  circuit  equal  <|iiantitie8  of 
opposite  electricities  pass  in  opposite  directions  during  equal 
times.  The  quanlity  of  electricity  passing  through  any  arbi- 
trary section  of  the  circuit,  during  one  t«cond,  ts  called  the 
strength  of  the  mirrent,  while  the  dinetion  ofjiow  of  the  pctitiw 
deetri^ity  is  trailed  tho  direction  of  the  eurrmtt.  Wo  aay,  thero- 
fore.  that  the  galvanic  current  flows  in  the  connecting  wir» 
(torn  the  gilded  tu  the  silvered  pole,  and,  lu  the  pile,  from 
the  silvered  to  the  gilded  pole.  In  these  apparatus,  zinc  and 
copper  plates  are  frequently  used  instead  of  the  silvered  and 
]^ded  surfaces  respectively,  and  it  will  be  more  convenient  to 
MSB  the  terms  xtuc  ami  cup[>er  ]ii>le<i,  zinc  and  nQp{>er  platet^, 
etc.,  when  wo  refer  tu  the  negative  and  jKwilive  eleclmdas,  lhan 
the  more  cumbrous  terms  referring  to  the  subatanoes  used  in 
Zambuni'a  pile,  i'^ur  this  reason,  we  shall  use  the  tKjmeuclature 
i»f  the  zimi-ijnpi'Or  pile.  Since,  in  oach  elenieut  punitive  elec- 
tricity floTTs  &om  the  zino  plate  through  the  liquid  to  the 
o<>p{>er  plate,  zinc  \s  called  the  elect ro-ixMritive,  and  cop|»er  (or 
its  repre<<eiitative}  the  eleotrn-uegative  metal. 

806.  Qalvanic  Battery. — In  consequence  of  the  many  difficul- 
ties attending  the  construction  of  a  pile  with  mijistened  felt. 
or  pasteboanl,  the  voltaic  pile,  in  its  original  form,  is  n>t» 
seldom  used  in  the  production  of  currents.  A  voltaic  element 
may    be     mure    couvenieKtly     ~r  ^/— ^r  ^r-^  'y-jr  «, 
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formed  by  placing  a  plate  of  ♦ 

copper  and  another  of  zinc  into 

a  glass  vessel  containing  dilute 

sulphuric  acid,  and,  since  it  is 

tmneoesaary  for  the  zinc  and 

nopper  platea  of  iwd  adjoining  elements  to  touch  throughout 

their  entire  extwut  of  surfat-e,  a  "  pile,"  nr  "  chain,"  or  "  battery," 

may  be  countructed  of  such  elenienlM    by  simply  cxmnectJug 

the  i-opper  (if  eat^h  element  with  thu  xine  uf  tho  next  following 

Ibrotigh  u  wire,  or  atrip  of  copper  (Voltaic  CeUa,  Fig.  1U9). 

Binding-screws  are  therefore  provided  to   make  any  desired 
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mode  of  cDTUieotiug  the  plates  eBtiily  possible.  A  battery 
Auuh  as  thi»,  ctjmpuaed  of  copper  aud  zinc  in  ordiuBry  water. 
and  cftUcd  u  "icuier  lattery"  m  especially  well  adapted  for 
oh*rgiug  the  quodmDt  electrometer. 

A  high  differcDce  of  potentia]  m&y  be  obtained  by  iistng 
with  zinc  a  plate  (cyiuluetor  of  the  lirst  class)  of  platinnm,  or 
L-arlwin,  or  any  other  mibslance  less  highly  influem^d  electrically 
by  the  liijnid  than  ui  the  cupper.  8iaee*H  element^  for  example, 
is  composed  of  a  jiliite  of  zinc,  and  another  of  platimim  coated 
with  phitimuu  dust,  or  of  a  plate  of  eilver  inimor^ed  in  a  rarefied 
solution  of  sulphuric  acid. 

ITie  more  eonveuient  and  iMiwerful  Bmiswn  <?eil  (Fi((.  170") 
contains  two  cailKiu  platen:  \u  the  condition  of  euke,  in  metallii' 
connection  with  eatrh  other,  immersed  in  aiuilution 
of  chromic  acitl,  or  in  a  inixtare  of  potassium 
hichromate  and  sulphuric  acid,  filling  the  lower 
and  lurger  |>oriion  of  the  flask.  JJetween  the  car- 
bon platei  is  a  plate  of  zinc,  which,  by  means  of  a 
metallii-  rod  extending  through  the  cover  of  the 
vewel,  iiiiiy  be  lowered  into  the  liijnid  when  the 
cell  is  in  use.  One  of  the  two  brass  bindiog- 
scre«3  upon  the  cover  is  comiectad  with  the  two 
carlxm  jilates  and  the  other  with  the  zinc  plate. 
The  chromic  acid  plun/te-battery  of  lltinsen  has 
the  zinc  Hud  carbon  platen  attatthed  to  a  common 
frame  of  wotwl,  by  the  aid  of  which  they  may  be 
ftirotiltaneoualy  immersed  in  the  tiijuid  chromic  acid  contained 
in  the  lower  part  of  the  vessel. 

The  elements  thus  far  described  contain  hut  a  single  liquid 
and  give  at  the  outset  a  strong  current,  though  the  ourrent 
Htren^h  diminishes  ver}'  rapidly,  because  during  the  passage  of 
the  current  through  the  liqnid.  certain  chemical  changes  <x"i'iir 
which  reduce  the  electromotive  force.  Such  elemeuUi  are  for  this 
reason  called  incoastant.  This  diminution  of  strength  may  be 
preventetl  by  immersin*;  each  of  the  plates  in  a  specially  pre- 
pared Uquid,and  the  so-called  wii6tant  el^metit  is  then  obtainoil. 
The  latter  fumiahea  a  current  which  flows  for  a  considerable 
time  with  constant  strength. 
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DanieU's  (18UG)  element  (Fig.  171)  consists  of  zinc  in  dilute 
snlphiiric  ftcid,  or  of  a  solution  of  zine  aalphate,  and  of  coppor 
immorsed  in  a  dilute  solution  of  copper  vitriol  (copper 
sulphate).  'ilie  dilute  sulphuric  acid  is  contained  in  a 
cylindrical  vessel,  T,  of  porous  eartbciiware,  end  the  solntion  of 
coppor  vitriol  is  etmtainoti  in  tho  glatta 
vessel  itself.  The  porous  wall  of  the  jar 
prevents  the  mixture  of  the  liqniils  but 
jjermits  the  passage  uf  the  cnneiit,  since 
alter  iho  walU  are  drenched  with  the  Ii([nid 
they  bocumo  (conducting.  The  zinc  plate, 
Z,  and  tho  copper  plate.  K,  are  l»ont  into 
a  cylindrical  form  to  contorm  to  the  &bnpo 
of  the  containing  veasel.  The  copper 
irtrips,  II*  and  jj,  soMere<l  to  the  plates,  and 
the  binding-screws,  are  used  to  cnmiect 
the  plates  with  the  noighlxjnring  cell,  or 
with  the  wires  to  bo  used  as  poles. 

Msidiaget-'s  (185(1,  Fig.  l'i'2)  element  embodies  a  practical 
modification  of  lianieH's.  A  cylindrical  zinc  plate,  KX,  to 
which  is  soldered  a  conducting  wire,  cc,  is  sup^ioited  against  a 
contTRCtion,  bb,  in  the  glass  nail  of  the  vessel,  AA.  Within 
the  gIa.-«)  vessel.  <td,  soldered  to  the  bottom  of 
the  vessel,  AA,  is  a  curved  copper  plate,  «,  to 
which  a  copper  wire, /^,  insulato'l  by  a  rubber 
costing  extends.  From  the  cover  of  the  vesael, 
AA,  extends  a  wide,  opon-mouthed  glafi^i  tulie, 
/*,  eutirely  within  the  vessel,  dd.  Thin  tube, 
li,  is  tilled  with  crystals  of  copper  rjtriol,  and 
the  vessel,  AA,  contains  a  solution  uf  magnesium 
sulphate.  The  copper  sulphate  disstdves,  form- 
ing a  solution,  which,  by  reason  of  its  great  specific  gravity, 
remains  in  contact  with  the  copper  plate,  within  the  vessel,  dd, 
white  the  zinc  plate  is  surroande^l  by  the  lighter  magnesium 
sulphate  Muhition.  And  thus,  without  the  use  of  the  irall  of  a 
porous  earthen  jar,  the  salt  solutions  ate  kept  apart  sufficiently 
nell. 

tJrove's  element  (1839)  consists  of  a  piece  of  zinc  immersed 
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in  dilntC'  sulpbarie  aci^l  and  of  platintun  immersed  in  coticen* 
tratetl  nitric  acid  uontained  in  n  [luroiu  earthen  cell.  In 
Hansen'^  element  (1842)  the  platinum  is  replaced  br  the 
equally  effective  carbon.     Fig.  173  represents  a  Latterr  oom- 

poeed  of  three  Bonaen  elements, 
in  which  the  c-arbon  in  the  form 
of  thick  bais  ia  immened  in  tbe 
nitricacid  of  the  poroos  cells,  and 
the  zinc  is  snrrounded  b;^  dilute 
Hulphnric  acid  contained  within 
a  glazed  earthen  Tesiwl  outside  of 
the  porous  jar. 

With  the  element  of  Leelanehi 
(1868,  Fig.  174)  a  t-arlnm  pUte,  K,  ts  surrounded  Ht  a  mixture 
of  powdered  mangoucsi-  mid  ctulHiu  (XHitained  within  a  puruu^ 
cell,  nbile  outside  of  tbe  jar  a  sidutifjn  uf  »1  ammoniac  sur- 
Tvunds  tbe  bar  of  zinc.  Z. 

In  all  of  these  elements,  the  sine 
is  amalgamated,  tL«.coated  with  mercury 
QDtil  the  snrface  in  covered  nith  a  unn> 
jN>iind  of  zinc  anrl  mercoiy  called  xinr 
amalgam.  Tbia  is  done  to  protect  the 
zinc  from  the  direct  action  of  the  ml- 
phnric  acid  when  the  battery  is  not  in 
use. 

In  tbeca.«e  oi  dry  dement*,  the  liquid 
19  tvplnced  by  on  ortiHcially  prepared 
substance  drencbed  in  a  suitable  solii* 
tion  and  then  hardened.  These  pre- 
pared sub^ances  are  usually  made  of 
gypsum,  calcium  hydrate,  chalk,  clay, 
etc  The  dry  Daniell's  element  due  u< 
JBeetx  (1884)  is  prepared  by  pooring 
a  mass  of  gypnun  into  a  solution  of  zinc  sulphate  and  another 
into  a  solution  of  oopjtcr  sulphate,  tbe  mixtures  b^ing  con- 
tained  in  the  branches  of  a  C -shaped  glass  tube.  A  wire  t»f 
zinc  is  inserted  into  tho  former,  and  a  wire  of  oop|ior  into  tbe 
Utter  solution,  which,  alter  tbe  gy]«um  hardens,  are  rigidly 
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couuecleJ  witJi  the  pre{>unKl  sulistancos.   With  tlie  iJry  elemeats 
vwd  in  coiuincn^o,  the  outer  ooveruig  of  zinc  serves  ax  one  of  the 
•rcitinf:  plates,  whUo  the  other  is  iistKilly  preiiared  (nan  coke. 
806.  Bwitohei,  Comnmtatari,  .>r  Oyrotropes,  ttre  ii«).l  toopeu, 
«^I«se,  anil  change  at  will  the  ourrent  of  the  galvanic  circuit 
Of  the  iiumerons  forms,  the  folluwiiig  will  s&rve  as  tvpes.    The 
cumiimtator  of  I'ohl  (1K28, 
Fig,   175)    consists    o»'   a 
Mooflen  base  carrying  six 
mercurial    oupa,   tho   four 
fionier    ctips    lieing    con- 
uuctetl  iu  pair»  hy  iliagonal 
wires.       Two     branching 
pieces  of  metal,  eai^h  liav- 
ing  three  prongs,  are  ttoii- 
necl«d  by  a  hraao  rod  into 
the  form  uf  a  ntckitig  frame.     The  iitiddle  prongs  flip  into  the 
tivo  niidiUe  v\i\in.      The  jwJcs  of  the  battery  wires  are  cou- 
iiected  with  theHecups.  while  the  cmlsoftho  conductor  in  which 
the  curront  i.s  to  be  turned,  dip  into  the  two  comer  cup8  on  the 
ri^ht    If  the  n>ckor  livs  on  the  right  side  as  shown  in  the 
figure,  the  current  flows  in 
the  wire  connecting  these 
'  Clips  in  the  direction  of  the 
arrow.      If,   Iiowaver,  tho 
rocker  be  turned  so  that 
itii  arms  lie  in  the  cornor 
<npfi  ou  the  left,  the  cur- 
rent flowathroujrh  thcwiro 
in  ihe  opposite  ilirection.  ^^- 176.— liuhimkurift'  CoiumulaUr. 

Tlie  commutator  of  HnhmkorfT  (18-)4),  Fig.  176)  oonaistsof  aii 
ivory  cylinder  jirovidoil  willi  two  diiuuetricHlly  upjxMite  rnr\-ed 
bratts  6tri{>8  and  Ixirtio  by  a  metallic  as.is.  Tbtn  axi»,  instead  of 
1>M3ing  continuously  through  the  cylinder,  consista  of  two 
pieces,  one  of  which  is  connected  with  one  of  the  brass  etrips  an<l 
the  other  with  the  other  Hrip.  The  parUi  uf  the  axis  are  <x*n.- 
nected  through  their  hra.<ts  snp{iortti  with  liiuding-itcrewn  for  the 
xeception  of  the  huttery  t«niiiital!(.  while  the  two  binding'iKrewB 
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iu  which  tho  oonnectiug  wira  terminates  in  both  diiectioDs 
aro  ill  metallic  wunectiou  with  the  brass  spricgs,  which  press 
agaiuat  the  cyliudor.  If  the  cylinder  is  tiirQcd  by  means  «rf 
the  milled  head  so  that  the  Lro&s  strips  attached  tu  it  come  in 
contact  with  the  spriiiL;;;,  the  iMtrreiit  passes  throuf^h  the  con- 
dnctor  in  one  direetiou,  while,  if  the  i!y]iuder  be  turned  184) 
degrees,  the  direction  of  the  current  in  the  I'uuductiD;;  wire  is 
rerersed.  ^Vhe»  the  brass  ^ttrips  do  not  touch  the  apriug^,  as 
ia  the  case  in  the  li^ire,  the  circuit  is  c>]H!n. 

307.  Eleotrolysif. — In  the  year  IHQU,  Hitter  discuvered  that 
liquid  oondttctots  undergo  chemical  decomposition  on  the 
pasHago  of  the  galvanit^  current  thwrngh 
them.  If  two  platinum  platen  connected 
with  the  ptdi's  of  u  galvanic  liattery  (the 
eleotn)des)  are  immcRTcd  in  n«tor  coutuiu' 
ing  a  little  sulphuric  acid,  biil>l>lo»  of  gu 
are  scon  to  rise  from  the  plates  although 
nil  bnltbles  arc  ooticenblo  in  the  liquid 
lietH^en  the  plates.  By  moons  of  the  appa- 
ratus represented  in  Fig.  177,  thegaseuuq 
masses  developed  at  each  pUte  may  bal 
collected  in  separate  vessels.  Acidulated 
water  is  placod  in  a  funuel-^baped  glass 
vessel  through  the  Mtom  of  which  pass 
two  insulated  conducting  wires,/  and/*, 
which  carry  the  platinum  plates.  Above 
each  platiiuuu  plate  a  gtsHS  tuhe,  cloaed 
at  ib)  upper  end  and  tilled  at  the  out- 
set with  the  liquid  in  the  funnel,  ia 
iuverted  in  such  war  that  the  bubbles ' 
of  gas  rising  fnini  the  terminal  plates  eolle<!t  in  the  upper  parts 
of  the  tn)>es  at  H  and  at  O.  It  L«t  S(K)U  found  that  the  gas 
rising  from  the  negative  (  —  )poIeoccupiwi  twice  as  much  sjiace 
OS  that  developed  at  the  positive  (  +  )  pole.  The  former  may 
be  ignited,  and  it  bums  with  a  feebly  luminous  Hame,  while  the 
latter  doe«  not  bum,  but  Idndles  a  feebly  glowing  splinter  of 
wood  inserted  in  it  to  a  brilliant  flame.  From  these  phenomena 
it  is  infcrreil  that  the  former  gas  is    hydrogeo  (H),  and  the 
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latter,  oxygen  (O).  These  two  elomonts  »re  the  oonfftituentii  of 
mUer,  and  it  is  known  (hat  exactly  two  parts  by  Tolnme  of 
hydrogen  (fl,)  inute  with  one  iiwt  of  uxygeu  (O)  to  form  two 
parts  of  wftter  vtt[Kjnr  (HiO).  TUu  curreut,  passing  through 
the  liqtti<t  betwe«u  the  electrodes,  decompoees  the  water,  the 
hydroj^eucollectinp,  as  the  electro- p'jsitive  constituent  (ctK/tt'on*), 
at  tho  uegative  eltwtrode  (cathode)-,  and  tiie  4>xygeu  as  the 
electro-negative  {anitm)  coustitiieut,  at  the  positive  olactrode 
(anode).  li*jth  element-s,  it  will  be  noticed,,  are  demmposed  in 
the  same  relative  qimutitics  jii  which  ihey  wimbiue  with  eacli 
i)ther  to  produce  water. 

Tliat  the  water  n  not  decuntpoaofl  by  the  cnrrent  alood, 
however,  is  seen  from  the  iBfi,  that  if  the  apparatus  be  tilled 
with  perfectly  pure  distilled  water,  no  gas  cottecta  on  the 
platinnoi  plates,  and  no  current  ]»ftS8es  between  thetn.  Pure 
water  is,  therefore,  not  an  elefirohjU^.  Tlie  subjitanco  decom- 
posed by  the  current  must  then  be  sulphuric  u<;id  (HaSOi). 
This  oonaista  of  hydrogen  on  tho  one  hand.  an<l  sulphur 
in  combination  with  oxygen  on.  the  other,  and  is  decomposed 
in  fiucb  manner  that  the  hydrogen  (U,)  collects  at  the 
negative  pole,  and  the  residue  (SO,)  at  the  positive  pole.  This 
salphuric  acid  redidue  cajiuot  exist,  however,  in  an  isolated  state, 
but  is  immediately  retransformed  into  sulphuric  acid  by  ex- 
tracting from  the  wat«T  the  hydrogen  necessary  to  its  fnrmatinii, 
and  at  the  same  time  liberating  u  corresponding  quantity  of 
oxygen,  which  coiloeta  at  tlio  ptwitivc  electrode  (SO,  -I-  il.O 
=  tljSO,  -f  O).  The  oxygen  is  then  produced,  not  by  immo* 
diate  electro-chemical  dew>mpo8ition,  but  by  the  indirect  effect, 
or  secondary  action,  of  the  liberated  acid  residue  ui3on  the  mlvetU 


^  For  canvenicully  iliMngQAtii));  tho  \Aaa»  occuiriuj;  iu  olcctro-<:lictnical 
ilcoDiDpocidori,  Fanday  introduced  a  DomcocJAtora  much  bu  oov  round 
iiiiiTorsaJ  acci<i>Unce.  According  to  lam,tlio  procMB  itself  iicnUodWec'rvfyn'a 
And  «  cfaemicftl  compooiid  wJiidi  inaj  \n  decommMd  l>y  maaaa  of  the 

SlvAoic  ciUTPul  is  tailed  au  tiedrolifU.  The  iKUL'-plBtu  tbroogb  wbkli 
a  curreat  eubon  and  exita  are  called  tlio  eltctntta  ("  oleclriad  luitha  "),  tho 
p(witiT«  tlectrodt  b  callvd  the  anoJe  (■'  upward  |iath  "),  muI  tlio  iieKatiTo  tlic 
calhad»  ("dovRw&nl  path").  Tho  decomposed  caiistitneuta  are  colled  tout 
(mura  cvrrectly  ioixltt,  "  llic  migratars  '*) ,  that  pArticiilar  eonatiltieat  ooSocttus 
at  thtt  aavdc  ning  called  the  anion  f "  tho  AtcondinK  ion  "),  and  that  cvScct- 
Ing  about  tlie  oatlwde,  tlw  oriAion  (*-  Iho  detceuding  iod  "]. 
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of  the  siilpburic  acid,  i.e.  upon  the  vater.  The  fitiBl  result 
is  the  some  a»  if  the  witter  had  been  decompoeed,  uid  the 
eulphuric  acid  had  remained  wholly  naaSectcd.  For  this 
ressoD  the  entire  pn^cess  nmy  tnth  propriety  be  designated  the 
decomposition  uf  water.  In  the  Name  way  as  with  sulphuric 
acid,  itttlts  which  are  soluble  in  water  are  also  decomposed  by 
the  galvanic  cnrrouL  (llatiher's  salt  (w>dium  sulphate,  NajSOO, 
for  example,  is  t*)  be  rcgardeil  as  aulphurii!  acid  in  which  the 
hydrogen  boa  been  replaced  by  modium  (Xa|. 

The  fint  action  of  the  current  upon  thiit  salt,  therefore,  is  to 
collect  the  sodium  at  the  negative  pole  and  the  gulphnrio  arid 
residue  (80,)  at  the  jHsitiTe  pole.  The  etodium  then  eitnu:U 
oxygen  from  the  mater  luid  forms  wxlium  hydroxide  (NaHO), 
more  fojuiliarly  known  m  musUe  aoda.  The  cheniioAl  action 
may  be  l"ormuIate«l  thua :  Kb,  +  2H,0  =  2  (NaHO)  +  H»  and 
the  sulphuriu  acid  residue  is  oonvected  to  anlphuric  acid  by  with- 
tlraning  hydrogen  from  the  water  and  liberating  the  oxygou. 
Oxygen  and  hydrogen  gas  are  therefore 
developed  at  the  (MMtitive  and  negative  petes 
as  before,  with  the  distiuguishing  charaoter- 
i-stic  that,  iu  the  former  case,  free  aulphuiic 
acid  was  formed,  and,  in  the  latter,  freecau3ti«; 
soda.  These  latter  siibatauceR  may  bo  rendered 
apparent  by  staining  the  colourless  solution 
__>'  g  of  tilauher's  salt  with  a  greenish  vegetable 
matter  and  subjecting  it  to  electrolytio  action 
in  a  U-(sha(>ed  vessel  (Fig.  178).  The  liquid  at 
Fia.  178.— U-dmi-cJ  '^^  positiv  epole  will  then  be  colourwl  rod  by 
Pooompwdg  the  acid,  and  at  the  negative  pole,  green  by 
A„«n.t«..        ,he  alkali. 

When  the  metal  contained  in  the  salt  solution  can  exist  in 
contaL'l  with  the  water  wiihoui  decouijHsing  the  latter,  no 
hydrogen  will  be  developed  at  the  negative  pole,  but  the  metal 
itself  will  then  be  deposited  upon  the  pole  pUte.  This  occnnt 
when  the  galvanic  rnrrent  ia  passed  through  a  solution  uf  copper- 
vitriol  (copper  sulphate, CuSOt).  The  cathode  becomea  noAted 
with  a  coherent  layer  of  metallic  copper,  while  at  the  anode, 
free  sulphnric  acid  and  oxygon  gas  appear.    If  the  anode  be 
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composed  of  copper,  tUe  sulpburio  acid  reRidue  is  traoafonned 
into  coppor  vitriol  hy  iinitiDf?  witb  the  copper,  and  no  docom- 
position  of  the  wator.  and,  cousetiuently  aUiu,  nu  derelupment 
«f  oxygen  octiur.  Copper  is  merely  dissolved  at  the  anode, 
and  at  the  iHime  time  aa  equal  portion  is  deposited  at  the 
rathode.  T<i  prevent  sncli  an  action  of  the  defompose^l  con- 
titittieiits  upon  th«  pole-platee,  they  may  be  made  of  platiutuili 
because  this  metal  is  least  attacked  by  chemical  action. 

Many  metals,  such  as  silvec  and  lend,  are  aepamted  from 
their  Bolutions  in  a  L-ryiitalliue  form.  'IIih  prooeaa  of  Beparation 
may  be  rendered  visible  to  a  large  uumber  of  spectators  at  the 
same  time  by  projecting;  an  image  of  the  decomposing  coll, 
oontainiag  the  dcjlutiou  of  lead  acetate  and  provided  with 
parallel  glass  walls,  upon  a  screen,  the  two  electrodes  being 
«Tomjx)8od  of  lead.  At  the  catboile,  the  crystals  of  lead  appear 
in  beautiful  branching  forniti  (load  trocH,  arhor  tatumi).  Tliese 
may  be  dissolved  and  reformed  at  the  other  electrode  by 
reversing  the  cnrrent. 

The  alkalis  and  the  earths  were  supposed  to  be  uude- 
ooraposablo,  until  Dary,  in  1807,  succeeded  in  obtaining  from 
moistened  calcium  hydroxide  (KOH)  brilliant  little  globules 
<it'  the  metal  calcium  (K  and  H  at  the  cathode  and  0  at  the 
anode),  of  the  ingtre  of  silver. 

Jtlolten  chtorideK  of  metals  give  chlorine  at  the  anode, 
and  the  metal  ut  the  cathode.  Magnesium,  and  especially 
aluminium,  arc  ]}rcpared  in  whulciiale  quantities  by  electrolysis. 

If  the  poles  of  a  battery  are  placed  upon  a  piece  of  ])aper 
moLstonixl  with  a  solntion  of  calcium  iodide  and  starch  jiaste, 
a  Woe  spot  forms  at  the  positive  pole  by  reason  of  the  deiwsition 
uf  iodine  at  this  placa  Such  a  pieee  of  paper  may  bo  n.sed  t« 
distinguiiib  thuulectrrxlcs.  The  observation  of  !^nltzer(1760). 
made  long  before  Galvaiii's  discovery,  that  when  two  pieces  of 
metal,  copper  and  iron,  are  brought  into  contact  with  each  other, 
and  their  free  ends  are  jdaced  beneath  the  tongue,  a  ])eculiar 
sensation  of  ta.^te  is  exiwHeueed,  is  due  to  electrolytic  ai-titm. 
The  nature  of  the  poles  may,  in  feet,  be  distinguished  by  the 
taste,  the  positive  pole  jdaced  upon  the  tongne  having  an 
acid,  and  tlie  negative  pole,  an  alkaline  taste. 
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208.  Electrolytic  and  M«Ullic  Condactioo. — A  liquid,  there- 
fore, condncts  an  electric  current  in  u  maiiiter  qcito  different 
from  a  tnctul.  While  a  metallic  oondof^or  tmdcrgoes  no 
chemical  change  npon  the  passage  of  the  (-urrent,  any  liquid, 
which  is  nut  iti^^lf  a  metal  stirh  as  mcn^iiry,  traiismita  the 
current  only  when  accomjuinied  liy  chemical  action.  Liquids 
which  cannot  be  dL-cum^fucd  by  the  current  do  not  conduct  it. 
Such,  for  example,  ar«  pure  water,  alcohol,  petroleum,  and 
carbon  diaulphide.  VoUa's  distinction,  therefore,  between  con- 
doctors  of  the  tirst  and  the  second  cIoar  is  well  fuunded.  The 
former  cumpriseti  the  tnetals  and  the  carbons,  and  the  latter  the 
electrolytes. 

209.  Electrometallurgy  (Oa!vaitoplaBtics).^.(acobi  obserred, 
in  Dorpat,  in  1K37,  that  the  copper  coating  deposited  niwn  the 
D^atire  pole-plate  by  the  electrolytic  action  of  the  eopper 
vitriol  solntion,  may  be  readily  disswlved  off  and  the  irregn- 
larities  of  the  plate  tlierehy  pwrfectly  copied.  He  hascl  upon 
thi«  principle  a  method  of  repnjduciug  medals,  engraved  plat«8 
and  other  objects  in  cop[ier,  dcjHiitited  chemicallr,  and  callotl 
the  method  galvanoflaaties  {clectrometaliuryif).  To  obtain  an 
electrolytic  icpn^ductiou  of  u  tucdal,  or  any  other  siutabio 
object  of  art,  an  image,  or  form,  of  the  object  i.i  prepared  in 
na.\,HteHririe,  gutta-porrha,  gypsum,  or  cither  ctmilar  siibetanoe, 
and  this /orm  1.1  given  a  muducting  siirfai-e  by  coating  it  care- 
fully by  hand  with  tinely  powdered  graphite.  The yon;»  is  theu 
oonnectcd  with  the  negative  pole  of  a  jrnlvanic  Irattery,  or  other 
source  of  current,  and  immerse^L  in  acop|ier  hath,  while  a  copper 
plate  is  attached  to  the  other  battery  nire  as  an  anode-  Aa 
soon  as  the  current  begins  to  pass,  oopi>er  ia  dctwjsited  from  the 
solution  npon  the  surface  of  the  fonti,  while  at  the  eame  time 
enough  copper  ia  dissolved  from  the  anode  to  keep  the  solution 
at  »  unifurm  degree  of  concentration. 

Metallic  coatings  deposited  electrolyticalty  uiion  perfectly 
clean  metallic  surfaces  adhere  with  ustiemo  cIosodcss.  The 
procem  of  coating  objeeta  made  of  cheaitor  nictaU  with  a  thin, 
firm  coating  of  a  precious  metal — ulet-trolytic  silvering,  nickel* 
ing,  gilding,  etc. — and  called  " ettciro-jplatvu}"  \&  based  upon 
this  principle.    In  thia  process,  the  object  to  be  plated  is 
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connecleJ  with  tho  cathode,  and  immersed  in  a  properly  pre- 
pared solution  of  the  metal  to  be  used,  while  a  plate  of  the 
sante  melat  is  iim^iI  as  aiidde. 

210.  Faraday's  Electrolytic  Laws. — If  a  nnmlter  of  apparatim 
for  decoiQpoeiug  water  (177)  ho  couacctfld  in  series  in  the 
same  circuit,  tho  same  amount  of  hydrogon  will  bo  dc- 
velo)>ed  in  all,  no  matter  how  tho  fomi,  size,  and  distance  of 
the  electrodes  may  be  varied.  Precisely  the  same  quantity 
of  gas  is  furnished  when  the  current  is  permitted  to  pass  dtiriug 
the  same  interval  nf  time,  whether  all,  or  but  a  part,  or  even  a 
single  one  of  the  apijanttui)  be  nsed.  A  given  current,  there- 
fore, always  decompose!!  tho  same  quantity  of  water  (Faraday, 
1833). 

If  several  dei^i imposing  vessels  containing  various  electro- 
lytes (forexampie:  water  acifiiilated  with  sulphnric  acid,  hydro- 
chloric acid,  toad  (rhliiratti,  itnd  rop)^>er  enlphate)  be  plarutl  in 
turn  in  tho  Haine  i-irciiit,  that  4Xfutaining  the  tirst-mentiunud 
electrolyte  will  furnish  two  ]>art«  by  weight  of  bydrogen  and 
16  of  oxygon ;  tlie  serand,  two  parts  of  bydrogen  and  71  of 
chlorine;  tho  third,  '101  of  load,  and  71  of  chlorine;  and  the 
faurth,  63  of  copjier  and  16  of  oxygen.  Or.  if  three  sudb 
decomposing  apjmTatus,  one  containing  hydn^-hlorio  acid 
(HCl),  one  water  (H^O),  and  the  thinl,  liquid  ammonium 
(NHj),  precisely  the  same  <|uantity  of  hydrogen  gas  will  be 
develofwd  in  oil,  and  in  addition  to  it,  in  tho  first,  an  equal 
volume  of  chlorine  gas;  in  the  second,  half  as  great  a  volume 
of  oxygen  gas,  and  in  the  third,  three  times  as  great  a  volimie 
of  nitrogen  gas.  Ity  one  and  the  same  curient,  therefore,  with 
diCferont  electrolyteis,  the  constituent  parts  sejwrated  out  have 
iiuantitatire  relationshiixi  identical  with  those  under  which  they 
vombine  chemically,  or  the  wet^ht-relatiotia  of  ths  eot\^t^ttft.ii 
aeparaUd  iy  a  ffivtm  enrretU  are  as  the  chemical  equivalents  {com- 
bining weitfJUs).  It  may  be  aaid  also  that  the  same  (juantity  of 
electricity  is  uecessory  and  sufficient  to  separate  the  equivalent 
uf  any  arbitrary  product  of  decomposition.  This  law,  di»* 
oorerod  by  Faraday  in  1&33.  is  called  the  ^w  q/  fiz6d  eiaetro- 
iytie  aetion. 

If  the  (-xterual  (M>nnectiiig  wire  of  the  battery  be  divided  at 
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Via.  179.— F*mdn/B 


the  point  A  (Fig.  179)  into  two  exactly  ec[ual  branches,  which 
again  unite  at  the  [K)int  B,  and  if  one  of  three  exactly  equal 
decomiHwJng  apparatiu.  M,  M,  and  31.^,  lie  iusGrtod  into  each 
of  the  hranches  of  the  circuit,  and  the  olhor,  into  the  nn- 
bnmchod  circuit,  it  iu  clear  that  tbnnigh  31,  and  Mjoiily  half  as 

much  electricity  will  paasaa  through 

M,  or  that  the  strength  of  the  current 

atMiQiiU  Ma  will  be  only  half  of  thai 

^^      .      .  at  31.   It  in  also  found  that  the  qiuui- 

::/JU-4^       ^ titles  of  pas  de\'eloped  at  SI,  and  M, 

^^-^     \       f  are  equal  t<i  eiU'h  other,  and  each  to 

one  half  uf  the  quantity  developed 
at  31.  From  this  it  follows  that  the 
amovntt  of  thf  ^eetr<tljfte»  deoompoeed 
in  the  tame  time  ar*  proporHwni  to 
the  tirength  of  the  current. 

Sll.  Th«i7  o(  ElMtroljfii.— To  explain  tlie  procew  of  dcctrolj-ala,  aiiJ 
rapociallj-  tho  faut  ihut  tlic  prmlucla  of  docompoBitiou  collect  only  at  the 
ctcctiDilct).  cnch  niolcculo  uf  me  okctmlylo  may  1>o  itutgintxl  to  be  compoeeil 
of  ao  olcctro-prMtivo  anil  aii  okctro-nopitivo  poniititneiit  lOczclios,  lftl9), 
tho  fonner  of  wliicb  !»  attmcled  by  die  imgniivc  nnd  the  latter  liv  tbo  positlTD 
pole.    Ill  oute  of  Ibc  Milphiiric  ncid,  tbe  QUubcr'i)  salt,  co)»Ktr  vitirial,fbr 
es«D^«,  hydroeeo,  aodium,  capper,  fomi  mpcctirdy  Uie  electro- poajtive, 
wiiilo  the  milpliurio  acitl  Tceidufi  (SO,)  ccmvUtutea  thu  ckctro-nc^;aiivo  oon* 
BtHiicnL    Ac-coTdinc  to  Uic  lunotSc  tbeor)'  of  afxi«|jiillon  (Clansim.  1857),  tW' 
tnoloculca  of  a  liquiii  arc  in  iooof^ot  motloti,  orowilinK  vnt;  ■noLbor  bwethw^ 
gliding  b««d9  one  aaothor.  and  froqucntiy  coming  into  eltwo  contact,  uereb^ 
producing  coUiriona.    ItariDR  tboM  niitlions  oppoeit«ly  electrified  eooilitaeali 
of  molefnilc*  cloMlr*crowiIea  ttseUter  must,  at  liioeii,  be  tarn  ammdor  and 
new  iDoleculea  of  tlie  same  kind  formed,  vbilc,  at  tho  eamo  time,  tlio  liberated 
molecular  constitueDts  reform  into  molcCTilen,  eit.lier  liv  combining  willi  otlin* 
(rec  molecular  conBtitnents  of  the  opf)o»itr  kind  wiiidi  tboy  idmi,  or  bjr 
tearing  apart  tbo  De^bonring  mokirulM,  aud   ntiiiinc  with  the  oppodt^ 
alactiical   cunslitiient.    The  molcculei  of  a  lltiuld.  ecconline  to  this  vJei^ 
would  b«  ill  A  condition  of  trt(re)e>aiit  dec otn position  aud  rvltirmation.  even 
iHiroro  IwiiiK  xiibjecied   lo  rlecttical  action.  iti«ir  oppoeitely  electricu  coa> 
KtiluentH   (loni)   uoviiig  oimleMlv  about  in   all    possible   direction*.     By 
immvmiis  the  poles  of  a  galvanic  battery  in  the  lii)uid,  tJiia  niutioii  i<  rendered 
more  or  Tesa  regular,  aa  tlie  electni-negatiTe  conBiituent^  are  tbeii  attraetad 
tovar\1  tbo  pontive  pole  and  the  electro-poNtire  toward  tJio  negative  pote. 
At  tlie  pol^ti  tlianiMlrea  the  coniitltueala  are  liberated ;   but  twtween  llifl 
electroiles  occurs  an   Iiic«*«u)l  wparatjon  and  imtneiiiate  recombinatioo 
tliem.     Since,  by  Uw  electromoiive  force  of  the  latter,  Ibe  clcoirical  nMB 
withdrawD  at  the  electrodes  are  being  continnally  a'placcd,  tliia  motion  of  I 
"  ion  "  bocoincs  cootiDiioaa.  the  current  at  tlie  ttaniu  time  being  traraonitUiU'd 
throilgfa  tho  Ifc^uid.   AeconliDg  to  Piis  view,  tlie  dectroly  tic  law  of  equivalents 
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iipitfiM  tlwt  tbu  rooleoiikr  conKtitui.<iits  of  (litl«r«nt  elertrolyteti  ore  cUarged 
inui  Mjtud  qiuntititw  of  electricity,  itnd  heiictr  it  fuiluwn  bIm  that  thi>  cteoincol 
iBusea  decompouil  aro  proportional  to  tlif  i^unutity  of  «1^tii<;it/  tratismiited 
In  cqnni  timos,  i*.  to  Uiq  RtrcngUi  of  tlic  cunciit. 

818.  Tottametflra. — Sincu.  oct^onling  to  Faraday's  lava, 
cnrroiit-atrenstli  is  pro|iortio!ial  to  the  quantity  of  the  electro- 
lyte doi^um i»iwytl  iii  u.  dotiuite  time  by  dt>tenniuing  this 
quantity,  the  strength  of  the  current  may  be  measured. 
Apparatus  uaed  for  this  purpose  are  mlled  vdtam^en.  The 
ODe  moat  generally  used  is  the  oztf-hydrogen  vollatneter  (Fig. 
180).  Two  insulated  wires  pass  thRiugh  the  air-tight  stopper  of 
u  glo^  vessel,  to  the  toruuDaU;  of  which  platinum  plates  are 
attftchcd  QA  electrodos.  The  voasel  is 
filled  with  water,  acidulate<l  with  sul- 
phuric ttt;id.  The  gas  deveKn)ed  on 
the  plau-M,  oumposed  of  one  part  by 
volume  of  oxygen  atid  two  parts  uf 
hydrogen,  mix  in  the  upper  part  •<£ 
the  vos»el  f*>rmiiig  oxy-hydrogen  gas. 
Thu  ewmpes  thruugb  the  heut  tube 
and  is  caught  in  a  graduated  gtass 
tube  over  a  vessel  of  ivater  (93). 
With  the  vnltomvter  it  may  be  ea.sily 
proveil  that  the  current-strength  is 
the  same  throughout  the  circuit;  for 
at  whatever  point  the  voltameter  is 
iuserted  the  quantity  of  itxy-bydrogeii  gas  devel(»ped  is  the 
same  during  a  given  Interval  of  time. 

Jacobi  (18o9)  selected  as  the  unit  nf  rnrrent-streugth  that  of 
a  current  whieh  doveltiiM  one  ccm.  nf  oxy-hydrogen  gas  at  0°  C, 
Mud  7GU  mm.  pressure  in  one  minute.  The  unit  of  streogth 
iKiw  generally  used  h  called  the  ampmre,  and  furnishee  1(M4 
oem.  of  oxy-bydrogeu  gau,  ur  G'&Q  tx>m.  of  byilrogen  ga»  in  one 
minute. 

Instead  uf  using  water,  the  curreut  to  be  meoiured  may  be 
passed  through  a  sulutiou  of  copper  sidpbato  (copper  tW/atM/trr), 
or  of  stiver  chloride  {nhvr  voitameler),  and  the  quantity  of 
metal  deposited  at  the  negative  pt>le  determined  by  weigbiug. 


Pio.  181).— Oxj-bydtoe«a 
VoltunQter. 
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Since,  durini^  a  given  time,  a  gireo  current  ilecorapoaes  oqiiiya- 
lent  masses  o(  differont  eleotrolyt^^s,  it  is  easy  to  compat«  the 
quantity  of  oxy-hytlrogen  gas  corroaponding  to  these  masses. 
Tbe  copper,  and  ©specially  the  silver  voltoineter,  furnish  more 
aj-cnrate  resulu  than  tbeoxy-hyJrogeu  vnltameter.  A  uoneDt^ 
strength  of  1  niii]tfeTe  di^iiusits  during  one  minute  ld'6S  mg.  of 
copfwr  and  67"09  mg.  «if  nilver.  or  in  one  hour  such  a  current- 
strength  would  i»Teeipitn1e  4'U25  g.  of  silver. 

The  umouQt  of  an  "  ion  "  separated  by  the  unit  curreut  (one 
ampere)  in  the  unit  of  time  {aae  second),  is  called  its  ehtetro- 
eJiftnieal  equivalent.  That  <if  ttilver  ia  1*118  mg.  Tho  ijanutity 
of  electricity  which  (Ikwk  iu  electrolyteet  with  1'118  mg.  of 
silver,  or  with  the  ef^uivalent  weight  of  any  other  ion,  is  con- 
se(|nontly  selected  an  the  unit  of  electrical  nuautity  and  in 
designated  the  eouhmb. 

213.  Deviation  of  tbe  Magnetic  Needle. — Uer^^d  discovered 
in  18'2()  that  a  nmguetii-  iifcdle  suajwiided  upun  u  point,  when 
lirought  near  a  cvuduclor  traversed  by  a  current,  is  deflected 
from  its  normal  jHisition  of  equilibrium  in  the  magnetic 
meridian,  and  drawn  aside  into  a  new  pusititiii  of  eijitilibrium. 
A  conductor,  therefore,  acts  upon  the  needle  aa  a  ouuple,  under 
the  influence  of  whii^h  it  -is  turned  nntil  the  couple  originating 
from  terreslial  nmgnGti.>iiu  hold^  it  in  equilibrium.  When  tbe 
effect  of  the  earth  is  balanced  by  meanit  of  a  magnet,  i.e.  when 
the  needle  ia  rendered  astatic  (138),  it  assumes  a  [wsition  at 
right  angles  to  a  rectilinear  conductor  [iiissiug  horizontally 
above  or  below  it.  The  current,  therefore,  strives  to  bring  the 
needle  to  a  |>o8ition  [>er]}eudicu]ar  to  its  ovrn  direction,  or  tbe 
pouple-aetiuu  of  the  current  u]«m  the  neeille  is  pcqwudlcular 
to  the  plant-'  through  the  current  and  the  pivot  of  the  oocdle. 

214.  Ampere's  Side. — To  detennino  the  direction  of  tbis 
deviation,  Ampere  give«  the  following  pnu-tical  rule; — Ima^ne 
a  tvMll  human  Jitfun  etcimming  in  tJmcircuii  u-ith  ita  face  turned 
tctcard  the  needle,  the  north  pole  of  the  ne$dle  will  tk^  aiwatfa  be 
deflected  toward  the  J^ure's  left. 

If  the  conducting  wire  is  curved  about  the  needle  in  a 
vertical  plane  passing  through  it,  we  we  from  this  rule  that 
aJI  parts  of  the  current  strive  to  deflect  tbe  needle  in  sucb 
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direetioa  ns  to  turn  tlie  south  pole  tawiuxl  tliat  side  hara 
which  the  current  vroiild  appear  to  encircle  the  needle  iu  the 
direction  of  the  hftmle  of  a  watch. 

S19.  (HlT&noscope. — A  coppec  strip  provided  with  binding- 
»ero»:^  at  ils  ends  aud  bent  about  a  luogaotic  needle  8USi>eQde(l 
upon  »  point  may  tliorHfore  be  used  to  determine  not  only  the 
presence,  but  also  the  direction  of  the  current,  into  the  circuit 
of  which  i\\\A  galvanaacape  (rhvuscopo)  has  lieen  inserted.  The 
fact  of  doviutiuu  dotermtnca  the  former,  and  its  wnWi  the 
Utter. 

210.  Gftlvajiometers,  or  Ualtiplieri. — The  force  with  which 
a  current  tends  to  defle'-t  the  magnetic  noedio  is  proportional 
(u  ita  «tr(?ngth.  For,  if  a  magnetic  needle  be  suapeniied  by 
»  wire  pH'vided  at  its  li>p  end  with  a  torsion  circle,  alxiro 
a  conductor  placed  hori;iontttlly  in  tlic  mugnetic  meridian^ 
the  angular  twidt  through  which  this  wire  oiust  be  turned  to 
bring  the  deflected  needle  into  ite  original  [»o8itioii  is  propor- 
tional to  the  ([Uttiitity  of  oxy^hydrogen  gas.  which  would  be 
developed  in  a  Tottameter  placed  in  circuit  with  it. 

Dy  oIj«erviD{^  the  deviation  of  the  magnetic  needle,  one 
nuiy  thu8  compare  and,  hence,  measure  the  strengths  of  currents. 
Apparatus  to  be  used  tor  this  purpose  are  called  galvanwuitri 
{rheometert). 

To  measure  currents  of  low  intensity  (weak  correnta),  the 
conducting  wire  is  \round  about  the  needle  a  large  number  of 
times,  t4i  augment  the  efTect  of  the  ctirrent  npon  it  (Fig.  181). 


Fn.  181.— Unit) pli«r  witli 
Siiapltt  NMdIe. 


F^9.  18^.— MoltipltM  with 
AmUUp  Needle. 


The  coils  of  wire  are  usually  coveretl  with  silk,  or  some  other 
niiQcooducting  material  to  iusulate  them  from  each  other.  Since 
tbu  windings  arc  att  in  the  some  itense,  the  effect  upon  the 
needle  is  multiplied  as  many  times  as  there  are  coila.    Such  an 
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apparatns  is  called  a  vmltipUer  (Schweig^er,  PoggemilorfF, 
1821).  The  nia];nietk^  needle  is  suapended  by  a  ailk  fibre  so 
iLs  to  be  e&^ily  moTablo. 

To  ae«ure  greater  Hfiiiaitivenesis,  the  wttatic  pair  (Nobili, 
182Q)  is  iii«eil  (Fig.  182).  In  thiit,  two  magnetic  needles, 
fu  and  sn  {cS.  138),  aru  rigidly  connected  by  a  liglit  bar. 
The  jjolea  are  placed  in  tipposito  directions,  the  one  being 
suspended  'nithin  and  the  other  without  the  coils  of  the 
multiplier.  If  the  needles  are  of  nearly  equal  magnetic 
etreugths,  the  effect  of  the  earth's  magnetit>ni  is  noutralizetl 
alrnogt  completely.    The  needle  is  then  held  in  the  magnetic 

meridian  with  a  veiy  feeble  force, 
and  may,  therefore,  Ve  deflei^ted 
trom  it  by  a  very  weak  current. 
This  ciirreut  may,  of  course,  bo 
weaker  the  greater  the  number  nf 
wiudiugs  in  the  coil,  siuce,  accord- 
ing to  Ampere's  rule,  the  effect 
U[H)n  both  needles  i»  in  the  name 
seiiEe.  Fig.  183  repreflonts  sucb  a 
galvanometer  fitted  with  such  an 
astatic  ^wir.  The  lower  needle 
swings  within  the  hollow  of  a  small 
wooden  frame  about  which  the  coils 
of  the  multiplier  are  wound.  The 
up}>er  needle  plays  above  a  circle, 
graduated  to  degrees,  from  which 
the  angular  doviatiou  may  be  read.  To  prevent  the  disturbing 
^ffect  of  atmospheric  induences  a  wide  glass  bell  is  inverted 
rer  the  inatromeut.  In  front  of  the  bell  two  binding-screws 
are  Waible.  The  latter  are  conneeted  with  the  ends  of  a  nire 
tif  the  coil,  and  are  iLaed  for  the  reception  of  the  conducting 
wires. 

Still  greater  scui^itivoness  mav  be  obtained  by  the  use  of 
the  mirror  ga2vatwm«ter.  In  tlie  instrument  represented  in  Fig. 
184,  the  magnetic  l«r  h  suspended  by  a  silk  fibre  within  a 
iixed  cujiiwr  c*iHe,  about  which  the  multiplier  is  wound,  the 
sei^rate  layers  being  ui^iilnteU  trum  each  other.    By  tuMna 
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•of  the  biuding-screiTs  shovru  at  the  left,  tbe  cuuducUng  wire 
may  be  connected  in  various  ways  with  the  wire  of  the  ooU. 
Above  the  magnelio  har,  uuil  fixed  rigiilly  t<>  it,  is  b  small 
jnirror,  which,  &&  with  the  luu^netomeler,  is  used  in  wtu- 
nection  with  a  tele9coi>e  and  ■rnvhiated  ftcale  tu  measure  the 
■deflection. 

The  anj^ular  detlectiou  does  not  immediately  fiunuah  a 
meastire  of  the  current-intensity ;  ^ 

for  tbe  dofleftiiijr  turtle,  while 
,]iro|iortii)iial  totheiuleunily  n'heii 
the  needle  is  fixed,  raries  when 
-the  needle  chang^es  its  jKi^iition 
Tolatively  to  the  current.  Tim 
intensity  is  therefore  dependeut 
upon  the  anj^le  of  deflection,  biit 
the  unture  of  thia  de^jeudeiiou 
■varioK  with  the  construction  of 
the  iiuitrutueut.  Since,  huwever. 
a  definite  deviation  L-ortespinds 
to  each  intensity,  it  would  be 
[)09sible  to  PoHHtruct  ex|>eriin^nt- 
slly  with  ciirreutJi  of  kimnu  in- 
tensity, a  table  for  eat^h  gitlrau<i- 
meter,  from  which,  ftirany  observed 
angle  of  deflection,  the  corre- 
sponding current-intensity  oould 
be  read. 

If  the  angle  of  defleetiun  he 
liept  small,  an  that  tbe  magnet 
•does  not  approcittbly  aJter  ita 
podtioa    with    respei-t    to    the 

current,  the    intensity   may   be   j.,0.  i84.-Mi»Tora«lT«o«,etor. 
regarded  as  proportional  ^>  tbe 

deviation.  This  condition  of  thingd  actually  obtains  nitb 
mirror  galvanometers,  where  the  currenl-intonaity  is,  without 
perceptible  error,  proportional  In  the  number  of  the  graduetioiui 
read  by  the  telescope. 

217.  Sine  GalTanometer  (Poiiillet,  1S37>— If  tbe  ixtauQ  of 
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tbe  multiplier  be  moTable  about  the  rertical  axis  of  the  gal- 
vanuuieter,  an<l  it  be  tunied  m  as  to  fullow  the  deflected  needle 
until  tho  plaao  of  its  windiogs  coincidnsf^aiuvith  the  direction 
of  the  needle,  the  position  of  the  needle  with  respect  to  the 
ooils  will  be  the  same  at  every  <ihservatio!i,  and  consequently, 
tbe  duHeuting  f^rcc  <if  the  ctirretit  peq^endicular  to  the 
piano  of  the  windings  a  prupottiuiial  simply  tii  the  iuteusityp 
*'  iT,"  of  the  current. 

If  a  (l^'ig-  Itio)  denote  the  angle  read  from  the  bomontal 
graduated  circle,  through  which  the  frame  must  be  timied,  and 


V».  IMl— For  tlie  Btno  Oalvanomelot.  Vm,  Itflr.— Timgcnt  OalTuioaiet«r. 

fit,  the  moment  of  rotation  due  to  the  action  of  the  earth  s 
magnetiam  upon  the  needle,  the  compoueut  M  sin  a  at  this 
moment  perpendicular  tn  the  necille,  holds  in  equilibrium  the 
deflecting  force  k5.     AVe  must  thou  have  J^J  =31  sin  a,  or  J  = 

K  sin  u,  where  ^^  =  i,  )  is  constant  fi>r  any  given  instrument 

We  eee  thus  tliat  the  current-intotuity  'n  proportional  to  the 
sine  uf  the  angle  of  deflection.  A  galvanometer  ho  cunstnicted, 
is  for  this  reason  t-alleii  a  sinc'galvanometcr. 

218.  Tangent  OtUTanometer  (rouillet,  IH13).  If  the  cod- 
ductor  be  given  the  form  of  a  circular  ring  in  a  vertical  plane 
(Fig.  186),  and  the  needle,  free  to  turn  at  the  centre  of  tbiM 
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ring  in  a  horizontal  plmie, !«  miule  sn  small  that  the  varia- 
tioDS  of  ita  pusitions  with  respect  to  the  current  need  not  lie 
ocHLsidered,  the  deflecting  force,  which  is  perpeudicular  to  the 
plane  of  the  circle,  is  again  dependent  only  upon  the  intumiiLy 
and  pTDportiunal  to  it.  Xho  ring  may  be  turned  about  in  its 
footing,  so  thut  its  plane  coiucidea  witli  the  pusitinii  uf  roet  of 
the  needle  {ie.  with  the  magnetic  meridian).  The  inHtniment 
■8  kept  in  this  j>ositiuD  during  observations,  and  the  angle  of 
deflection,  a,  Is  read  from  a  graduated  circle  about  whose  t^entro 
the  needle  swings.  The  deflecting  force  of  the  curroui,  k^ 
(Fig.  J  87),  is  in  this  case  ]>erpendiciilar  to 
tbo  plane  of  the  ring,  i,e.  perpendieolar  to 
the  magnetic  meridian.  Ita  component  per- 
pendicular t<j  the  needle,  hJ  cos  «,  holds  in 
eqiiilibriunt  the  component,  M  ein  a,  of  the 
magnetic  moment,  also  perpendicular  to  the 
needle.  We  have,  therefore.  iJ  cos  «  =  M  sin 
a,  or  J  =  K  tan  «,  i.e.  the  current  intensity 
is  proportional  to  the  tungent  uf  the  angle 
of  deflection,  wherefore  the  instrument  is 
calleil  the  Uuigent  galvanometer.  Since  the 
<;in?le  is  at  considerable  distance  fnim  the 
needle  (its  radius  is  made  at  least  U.2  m), 
this  instrument  can  be  used  only  n*ith  cu> 
rents  of  considerable  strength. 

When  several  sine  and  tangent  galvanometers  are  placed 
aacceBsiTely  in  a  given  circuit,  tliey  uHiially  show  difl'eront  deflec- 
tions; since  the  deflection  of  the  needle  depends  in  uocrh  iustni- 
ment  upon  the  structure  of  ild  ])urti<-ular  conductor,  as  al^o  ujHm 
the  strength  of  the  magnetic  needle,  so  that,  with  one  and  the 
same  instniment,  current-»itrengtbs  may  he  accurately  eom- 
partd,  though  they  cuuuot  bo  measured  in  alvsolute  unit^.  A 
Voltameter,  on  thecontrary.  iiuu soever  txinstnicted,  indicates  for 
the  some  current  during  the  same  time  always  the  came  quantity 
of  gas.  A  tangent  galvanometer  may  be  adjusted  to  an  absolutu 
scale,  by  connecting  it  in  a  circuit  simultaneously  with  a  volta- 
meter. The  deflection, <i,  musttheu  beroadfrom  tbeformerand 
the  intensity,  .1,  in   nmp&rebi,  from   the   latter.     From  ilie 
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(KinotioD  J=K  tan  a,  in  vliich  J  and  o  are  now  known,  tha 
"  redueOon-factor"  K,  of  the  tangent  galvanometer  is  eaialy 
detormiuecl.  so  that  henceforth  by  (he  use  of  the  jfalvanometer 
alone  the  intensity  of  the  current  may  be  obtained  dircn^tly 
in  aiD]>t-rf>-i,  and  more  convemently  than  with  tho ToLtomoter. 

319.  OflJmue  Folarintlon.— If  the  currout  of  a  galvanic 
liattery  be  passed  through  dilnto  sulphuric  acid  by  means  of 
I»lHlimim  electrode?  If..g.  through  a  voltameter,  or  any  other 
water-decoiniMJsing  ap^mTBliis),  so  that  at  the  uc^fative  plate 
hydrogen  is  deposited,  and  at  the  |>»$itive.  oxygen,  aiid  if  tbo 
eiirrent  ia  then  broken  and  the  platinum  electrodes  are  con- 
neetod  by  a  condacting  wire,  a  galvanometer  inserted  in  the^ 
eircuit  shows  tlie  presence  of  an  eleetrir;  cnrcont  directed 
oppositely  to  the  uriginal  eurreut  (Ritter.  IB03). 

Tlio  hydrogen  corering  llio  firat  |)bli?-plato  strives  l>y  nrtuo  of  ite  chemical 
Hltniction  to  nuito  agiib  vith  the  other  cansiiLiiQQt  (aO,)  of  sulptiurio  itcU. 
1'lie  eliictTo-aegatlTn  niolecolar  carutitnent  (S0«)  moving  abnnl  In  the  liquid, 
w  ntincled  toward  llii»  iilato  ami,  conibimiig  wilJi  hyJrogeti,  nurrendom  ha 
L-lectriciCy  ui  the  plnle.  In  die  iwine  wity,  tlio  otygen,  covering  tho  otlior 
tiktc,  attract  tlin  <>lectro-po*iti  V9  u'it[er>mol«ciil«  tn  this  pkte,  which,  on  diu 
fonDation  of  water,  lieconiM  eqiuilly  atrangly  clia^gwl  [MMJtivelr.  TliiB  pro- 
cen.  hovreTor,  can  coiitiitue  alter  the  ptalui  are  connected,  oiity  until  oscli 
|)ltite  bas  attained  au  electricftl  tension  aufflcient  lo  hold  iii  equiUbritim  Lbe 
ttjimion  of  tlie  com^jxnidiiig  electrical  constituent.  The  platM,  therefore, 
sllaiii  a  dtiUniCo  dilt'erencv  of  potantiat.  If  now  tko  pUUni  b«  connwud 
•xtanully  bo  tbat  this  ililTprence  of  CensioH  may  become  eqtialir^'il,  tJie  guea 
liberated,  folluniug  tiieir  oatunil  tejideiicy,  return  into  tlielr  fiirmer  com-  ' 
|ioundit.  Tlifi  wna  aort  of  motion,  tborafore,  obtains  in  dio  liquid  between 
Uie  poles'  plate^  which  previoiuly  diuing  doconipodlion  transmitted  tJm 
cuneiit  of  the  lottery  [in'Jc  Hmory  of  eicclrolyiiiii)  only  in  the  ofijxwiito 
•lir«clion.  Or,  Elated  differeDtly,  an  electrical  current,  oppomie  lo  tbe  ongiiutl, 
arise*  wfiich  iMts  untU  botb  j^asea  have  disa|>p«Arcd  by  returning  into  tlielr 
original  com  pon  tide. 

I>tuin^  this  process,  the  decomjHisiug  api>aratas  acts  as  &> 
galvouic*  element,  in  which  the  platinum  platea  charged 
reMpectively  with  hydrogen  and  oxygen,  play  the  parts  of  the 
positive  and  the  negative  metal.  To  t-haracterizo  this  anti- 
thesis, the  plates  are  said  to  be  polarized,  and  the  current 
arising  from  the  electromotive  reaction  is  termed  the  polarvsta^ 
'--urrent. 

820.  Storage  Battery  —  Aooumulator,  —  By  connecting 
iwlarized  platen  oi  tbe  same  metal  nith  one  another  as  in  tho 
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^Tultaic  pile,  very  efficient  batteries,  called  3lorage-haHnriea(\\\i\er, 
1803),  or  lecondarij  haUariea,  may  ln>  coiiatrncteil.  Their  names 
Areduo  to  tliQ  circi]in»tance  that  tbcy  miut  be  ohargod  by  passing 
through  tliom.  the  (primary)  ciirrcnt  of  an  ordiaary  galvanio 
battery,  or  other  source  of  galvanic  eleotricity.  The  secondary 
element  of  Planti^.  (1860)  consists  of  two  load  plates  rolled  one 
upon  the  other,  and  insulated  by  strips  of  niblier.  immersed  in.  * 

kTOssel  of  dilute  sulphuric  acid.  If  the  plates  are  connected  for 
a  considerable  time  with  the  pole  of  a  llimseu's  element-,  the 
surfaces  in  contact  wttb  the  sulphuric  aoid  become  coated  with 
load  sulphate,  and  the  sulphuric  acid  rasidne  depo8it«d  on  tfao 
positive  plate  foiui.t  ^viih  the  lead  siilphatf-,  in  the  presence  of 
water,  sulphuric  acid  and  lead  peroxide,*  which  adheres  to  the 
plates  as  a  brown  ctiatiiig,  while  the  hydrogen  develo|)ed  at  tha 

rotiier  ptate  transforms  the  lead  Nulpbatu  into  lead  sjxmge, 
forming  at  the  same  time  aulphurio  wm\.  Tbc  pkt^a  are  now 
"  formed  "  or  ]>olari2ed,  since  lead  acts  with  the  same  electro- 
motive eflect  with  res[>ect  to  lead  peroxide  us  tt  does  with  reeipect 
to  copper.  The  charged  element  is  now  cajiable  of  furnishing  a 
current  opposite  to  that  of  the  primary  current. until  the  chemical 
change  iicrnmpanyinti  the  discharge  has  caused  the  plates  to 
retnrn  to  their  fi>rnier  state.  Since  in  the  secjmdary  element 
the  work  of  the  current  in  the  primary  battery  is,  io  a  sensp* 
stOTed  up  for  subsequent  nso,  the  clomcut  is  called  nn  luwrnu- 
UUor.  If  a  number  of  secondary  elements  are  desired,  they 
may  advantageously  be  charged  by  a  1>att«ry  of  oomparatively 

iinak  electrtimntive  force  by  runnecting  them  in  multijiie, 
is.  all  pcmitivo  plates  cnnitecto^l  with  each  otbur  and  au 
with  all  the  uogatiTos.  Before  discharging  them,  hoveTer, 
they  should  b«  connected  in  ffriVs.  thot  is,  each  positive  shoiUd 
be  connected  with  the  next  following  negative  plate.  In  this 
way,  as  was  the  cose  nilh  the  voltaic  pile,  the  electrumottve 
force  is  multiplied  id  the  ratio  of  the  numlter  nf  elements,  and 
it  18  thus  possible  by  the  aid  of  accumidators  to  convert  low 
into  high  electrical  tension. 

2S1.  Non-polarizliig  El«etTod»8. — The  electromotiTO  reaction 
pf  polarization  iu  a    (ie*.'om]K«ing   cell   acts  not    only    after 
■  Acconlins  tu  tlw  eiualiuti  PbS0,  +  S0,+'il[,0  =  2H,S0,-l-  ['bOf 
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tbe  primary  cimont  liax  <:eaMCil,  but  also  during  its 
Its  eflfect  is  to  weaken  the  jirimary  current,  since  it  diminishw 
the  electromotive  force  proportionnlly  ti>  the  roaction.  The 
pularizeU  cell  in  the  circuit  acts,  in  ibo  same  way  as  an 
oppusing  galvanic  elemeot.  Tbe  ]>ularization  in  a  cell  may. 
however,  Ut  avoided,  by  so  s«b;ctiag  tbe  electrodes  and  the 
electrolyte  that  both  rcmiuu  uuchouged  during  the  ]>ei)sage  of 
the  current.  For  exauple,  zinc  plates  in  a  coDcentr&t«<l 
BolutioD  uf  zinc  9iilpbato  form  non-poUtrisinff  electrtHlen,  because 
tbe  game  amoimt  of  siinc  sulphate  is  dec(>ni|KJsed,  liberating 
nnc  at  tbe  cathode,  as  is  refonned  during  the  same  time,  at  the 
anode  I'Dii  Rnis-IUyiiKind.  li^."it). 

223.  Const«nt  Galvanic  ElemeataL — Since,  in  a  doeed  gal- 
vanic pair,  tbe  litiuid  is  docompo&cd,  the  reactive  forc«  of 
polarization  must  also  be  considered.  While,  for  example, 
in  the  element  zinc  sulphuric  acid  platinum,  tlie  formation 
uf  zinc  Hulpbate  on  tbe  zinc  plate  is  the  wuroe  of  the  electro* 
motive  force,  which  sets  in  motion  in  the  liquid  au  electrical 
current  in  the  direction  from  the  zinc  to  the  plutiiium  plule,  ihu 
hydrogen  liberated  ut  the  tume  time  at  the  platinum  terminal 
strives  by  virtue  of  its  tendency  to  return  into  itt  original 
coui|M)und  with  80„  or  uitb  oxygen,  to  produce  an  opjuisite 
polarisation-current.  80011  after  being  closed,  therefore,  tbe 
pair  ruruinhes  an  enfeebled  current,  which  is  due  to  tbe  diflbr- 
enoe  of  the  opjiosite  clcctromotivo  f<m;u&  No  couDiderable 
otimnt-strengtb  is  observed  excepting  for  a  short  time  after 
immentiou.  The  atmoetpberic  oxygen  eWirbed  in  tbe  litjuid 
combines  with  Oie  liberated  bydni^en  to  form  water  and  relurd.s 
chemical  decomposition  and,  ai:i.'ordingly  ubio,  delayii  puhiri- 
tation.  80  soon  as  this  uxvgen  in  cunsiuncd,  the  current  sinlcM 
to  the  lower  intensity  corresponding  tti  the  above-mentioned 
difference  and  finally  ceBS<.-9  entirely,  when  tbe  metalbc  zinc 
liegius  to  form  f^>m  tbe  zinc  sulphate  upon  the  platinum  pla(«. 
Tbe  combination,  zinc-sulphuric  at^id-platinum,  is  cun^equently 
a  variable  element.  Instead  of  maintaining  it«  original 
inten^ty.  it  declineit  very  rapidly.  To  prevent  the  diniiuutiun 
due  to  polarization,  um  far  ua  puMaiUe,  it  in  only  uccosttary  to 
keep  a  supply  of  oxygen  around  the  platinum  plate,  which  by 
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combimng  with  the  hydto^D,  proToats  deposition.  Thia  may 
be  ftceomplwlied  by  placing  tho  plfttinum  platw  in  a  jRinma 
earthen  jar  eontaiQing  conceotratcd  nitric  acid.  This  acid, 
which  IB  rich  iu  oxygen,  has  the  property  of  readily  giving  up 
a  portion  of  iu  <ixygen  to  any  substances,  for  which  it  has  a 
chemical  atfinity  (as,  for  example,  to  hydrogen).  The  combiuu- 
tion,  zinc  in  dilute  sulphuric  acid,  platinum  in  concentrated 
nitric  acid,  foringi  ttipreforc  a  con^ant  element  in  whioh  the 
hydrogen  sejjarated  by  olectrolytic  action  immediately  oxidizes 
to  water,  and  accordingly  prevents  polarizatiou.  This  h»j- 
called  Grovo'd  element  IVirnishes  a  steady  curreut  for  a  con- 
siderable length  of  time.  Nitric  acid  acts  Himilarly  in  the 
lluntten  element,  which  difTnars  from  the  Grove's  element,  in 
that  carbon  takes  the  place  of  platinum  In  the  constant 
Daniell's  oloment  (zino  in  dilute  sulphuric  acid,  copper  in 
cojiper  giilphate-wduticn)  [vilarixation  is  avoided  by  the  seiiara- 
tiun,  due  to  the  hydri)geii,  wf  metallic  copper  from  the  copper 
sulphate,  with  the  itimultanGous  production  of  nulphuric  acid. 
This  metallic  uopiKr  is  then  deposited  upon  the  copper  plate 
in  the  place  of  liydro^n.  Tho  element  of  Latimer  Clark 
(mercury — nioronry  [Aste  and  zinc  sulphates — pure  zino) 
|>ossea«e«  also  a  (xmstant  electromotive  fonn>. 

223.  Setlit&noe — Conductivity.— When  a  tangent  galrano- 
meter  is  inserted  into  the  closed  circuit  of  a  galvanic  element, 
it  Is  found  that  the  current  is  wenkor  the  longer  the  connecting- 
vriro,  or  circuit.  This  eufeeblement  of  the  curreut  is  ascribed  to 
a  retitiance,  which  tho  wire  opposes  to  tho  passage  of  the  current, 
analogous  V>  the  resistance  opposed  to  water  when  flowing 
with  constant  current  llirougli  a  tube  at  who»e  ends  different 
pressures  prevail.  It  h  ajMumed  that  with  the  former  resist- 
ance, oa  with  the  latter,  fur  uniform  crosa-soutJou,  it  la  pro* 
|)ortioDal  to  the  length  of  the  conductor. 

With  wiros  of  tho  same  material,  it  is  foimd  that  cur- 
rent*6trGQgth  remalm  constant,  provided  lengths  and  cross- 
sections  aro  increased  in  tlie  Hame  ratio.  With  ooiutant 
lnngtli,  therefore,  the  resistance  iu  the  conductor  is  inversely 
prujKjrtional  to  cross-section.  The  form  of  the  crosa-sei^tion  is 
of  no  consoiiucnoe.    If  a  cylindrical  wire  be  rolled  flat,  without 
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changing  its  l«igth,  the  lesistance  to  the  passa^  of  the 
cnirent  will  not  be  altered. 

With  the  same  length  and  croeB-eection,  different  materials 
hare  different  lesistancea.  A  german-silver  wire,  for  example, 
may  be  replaced  by  one  of  copper  of  the  same  section,  and 
13*5  times  as  long,  without  any  alteration  whatever  in  the 
cnrrent-streng^h.  The  resistance  of  the  copper  wire,  there- 
fore, equals  that  of  the  gennan-silrer,  or  with  the  same  length 
and  cross-section,  the  $peeijic  rniatanee  of  copper  is  only 
1  :  13*5  of  that  of  copper,  or  its  apeeific  eonduetivU^  is  13*5' 
times  as  great  as  that  of  german-silTer.  To  recapitulate,  tlie 
resistance  of  a  linear  conductor  {e.ff.  of  a  wire)  varies  directly 
with  its  length  and  inversely  with  its  croBs-section  and  specific 
conductivity. 

If  the  length  of  a  wire  be  denoted  by  I,  its  cross-section  by 
q,  its  specific  conductivity  by  k,  and  its  resistance  by  r,  we 
shall  have — 

*■  =  %■ 

Since  the  value,  r,  denotes  the  length  of  a  conductor  of  croes- 
section  and  specific  conductivity  equal  to  unity,  and  possessing^ 
the  same  resistance  as  that  of  the  given  conductor,  it  is  alao 
called  the  reduced  length. 

The  specific  resistance  is  the  reciprocal  of  the  specific  con- 
ductivity and  equals  / :  k. 

By  means  of  comparisons  similar  to  the  one  just  mentioned 
of  german-siiver  and  copper,  though  much  more  accurately 
made,  by  methods  to  be  described  later,  the  following  values 
for  the  specific  conductivity  of  some  conductors  of  the  first 
class,  that  of  mercury  being  taken  as  unity,  have  been  obtained — 

..  13 

..  13 

..  32 

..  46 

..  48 

..  55 

...  64 

According  to  G.  Wiedemann  and  Franz  (1853),  the  electrical 


Mercury 

I 

Brass      

Manganite  (Ni.  Mn.  Cu.) 

2 

Phosphoric  broTi/'; 

German-silver    

4 

Aluminium 

Lead       

5 

Gold      

Iron        

8 

Silicium  bron^u 

Platinnm            

8 

Copper 

Alnminium  broDzo 

8 

Silver     

ELKCTBICAL  CUSBESJS. 


3«3 


conductivity  of  metals  is  proportional  to  their  Uiormti  con- 

ductiTities  {\'2h\ 

The  conilaclirity  i>r  dlaya  does  nol  klwup  Ii<3  IntL>nnodi&to  between  the 
coiidiiccJvIlEM  of  Oieir  coDstitaont  Mrick  Tho  conductivity  of  n  mobU  w 
often  Gontddenibly  modified  by  a  itlij^nt  admixture  gracuthor  mvtal.  Choiif^w 
of  iho  internal  structiiru  of  a  MibstanL-c  also  irxcrt  nn  irifliu;nou  u]M)n  tJie  con- 
dnctivity.  For  cxatii|>le,  Uio  conducting  power  of  ntet-l  iacrenaeii  with  its 
dugret-  of  liotdncm. 

Tho  layer  of  liquid  cpntainecl  l«tween  the  electrodes  of  a 
cte(*omposiiig  cell,  or  l^tween  the  plateH  of  a  ^IvanicT  element, 
may  also  be  regarded  as  a  linear  conductor,  n  liquid  win.-,  as  it 
were,  whose  length  e<|uaJ»  tlie  distance  hetwcon  llio  plates 
meaeured  along  tho  path  ui  the  <>iirreQt,  and  whose  i>ro8s-8cction 
equab  the  surface  of  the  plntes.  The  conductivity  of  liqnids, 
or,  as  wo  say,  of  eonductois  of  the  second  clftss  (electrolytes)  is 
mtieb  smaller  than  that  of  metaU.  lAir  example,  the  <'ou- 
dnctErity  of  dilute  Mulphuric;  acid  [}M)  |>or  cent.)  is  only  the 
«y  millionth  part  (O-OOOUOfl)  of  that  of  nierniry,  that  of  con- 
^ntrated  silvcr-nitrato  is  O'OOOl):^),  and  thai  of  a  saturated 
•ohition  of  t'oppor  suJphato  0"U00(X)4. 

Tbe  )>]K>citii!  roBlffluiicc  of  melalo  Hmsh  whb  \kn  U-tnjiurnUiro.  Tim  in- 
«  for  1"  C,  ur  Uie  UmptTalur^eM^etmt  It  for  uiofoin;  O"00O95l  for  tlin 
Hiii)(ile  iseULU  nhirni  ()-(it)3Gii  (aliiiuHt  cjual  to  the  oocAcicnt  or  cxjMn- 
vf  gaflcs).  ror  genDan-Bilvor  00001,  uiJ  bUII  lee  for  nkxolila  and 
tanngnniVi.  Willi  cuke  and  gra|}iii[e,  tlie  rosiatiuice  diminMiM  with  riaiag 
loinncraiure.  CrysLftUizcd  selenium  curulucU  better  vhen  rays  of  tight  an 
ineiocot  upon  iL 

With  GonthictotH  of  tliu  secnnd  ciiutt  (llio  ol«etr«I]rtaii),  the  tvmisUium 
tliminuihes  rapiiUv  on  heating ;  witli  a  concontmto<l  notation  of  cinc-eiilphatD, 
for  exnraplc,  by  0'04  for  oocli  degree  Centigmde. 

224.  Unit  of  Sesiitajice. — W.  Siemens  selected  as  the  unit 
of  resistance,  that  of  a  threail  of  mercury  of  I  m.  length  and  of 
I  sq.  mm.  crusK-soctiou  under  a  temperature  of  U'^  (1  •Siemens). 
By  international  agreement,  however,  another  unit,  selected 
fmm  n  theoretical  point  of  \iew,  called  the  ohm,  was  eetab- 
lished.  (The  unit  was  named  iu  honour  of  G.  S.  Ohm, 
the  discoverer  of  the  laws  of  the  galvanic  current.  A 
(l^al)  ohm  is  the  rcsistanrc  of  a  murcnria.1  thread  106  cm. 
lon^,  and  I  ik{.  mm.  in  croH»-i!;c(;tiou  at  if  C.  (or  more  exactly  of 
106^  cm.  in  length,  and  since  the  cro^-seetion  is  determined 
ill  praelioe  by  weighing,  of  14'-10'it  g.  weight).) 
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225.  Hheostats— Bheochord. — In  establishing  the  unit  of 
TeastftiiflC,  mercury  was  selected,  Wcause  it  mfty  bo  ©wily 
obtainod  at  any  time,  and  in  a  perfectly  purc>  state  by  distil- 
lation. For  oxc«iittng  moasiiree,  the  liqaid  metal,  however, 
would  be  very  iDconvenient.  Wires  of  solid  metal  nro  for  this 
reason  prepared  in  such  way  that  their  resistances  are  er^ual  to 
1  ohu),  or  to  acme  integral  number  of  ohms.  For  the  con- 
etruction  of  these  wires,  german-silver  (54  per  cent,  copper,  28 
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fta  oont.  zinc,  IS  per  cent,  nii-kcl),  nr  iitill  better,  nmuganito 
may  be  adTantageously  employed,  because  ikvao  alluys  have  a 
Tcry  high  specific  resistance,  and  are  at  the  same  time  bnt 
little  influenced  by  changes  of  temjierature. 

Apparatus  used  to    insert  resistancets  of  a  known  magni- 
tude  into  an  electric  cir<-iiit,  or  to  cut  them  out  at  pleasure, 

vfitboiit  interruptiiijc  the  ciuront, 
whether  for  the  porijose  of  secur- 
ing a  desired  current-strength, 
or  of  corajHuiQfir  unknown  with 
kuovrn  reaiatancea,  are  called 
rheostats. 

Wlieatatone'n  rheostat  fPig?. 

18S  and  180)  consists  of  a  ntuno 

c-ylinder  (serpentine,  or  marUe), 

movable  alwut  its  axis,  and  with 

spiral  grooves  i-iit  in  itM  surfat^,  in 

which  german-ailver  wire  is  wound.    One  on<l  of  the  wire  i« 

through  the  cylinder  and  roiinetrted  with  the  metallic  axis. 


I 

I 


ELEOTRIOAL  CVItRSUtS. 


365 


The  axis  does  nut  extend  contiriuniisly  thnnigli  the  cylinder. 
Upon  a  horiiuintal  mvtsl  luir,  oA,  lying  puriillcl  to  the  uxU  uf 
ihe  cylinder,  is  an  adjuslablo  metal  rcillor,  r,  ivhoso  [loriphory 
mirios  a  Hinjjle  p^rouve,  which  is  presse*!  agftinst  the  spirally- 
wiiUDd  wire  by  meanH  of  a  spring.  It'  the  cylinder  is  tiiraed  hv 
tlie  cnuik,  U,  the  littlu  ndler,  fcilluwing  the  c*\i\»  of  the  wire,  is 
slipped  along  the  nielal  har  so  tlmt  thu  current,  entering  the 
axis  thruugh  the  binding  screw, »,  umst  travciao  the  coils  uf 
wire  to  the  roller.  From  the  roller  it  pOMoa  through  the 
metal  bar,  whose  resislam^e,  as  aLto  that  nf  the  axiii,  by  reason 
of  their  large  criiSH-iieiCtiuUH,  ih  ina{)preuial)le,  aiul  returns  finally 
to  the  binding  screw,  (,  The  number  of  cuila,  which  meaaurtts 
the  interpused  resistance,  is  read  from  a  scale  placed  along  the 
bar,  ah.  ^nbdiviaions  are  read  by  meane  of  the  pointer,  i,  to  the 
hundredth  part  of  a  circumference  of  the  roller. 

The  resiatauce-box  of  Siemens'  (Kig.  190)  eonsista  of  a  series 
of  donbly-wound  sporjls  of  wire  (2G(>)  enclosed  in  a  wooden 
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FiO.  190. — SieiDQDs'  RbooataL 

box.  The  resistancea  of  the  spook  (26S)  amount  to  1,  1, 
%  5, 10,  etc.,  ohms  ru8[)ectively,  and  as  with  the  weights  of 
»  bulauco.  any  desired  number  of  units  may  bo  compounded  of 
them.  .\lx)ve  each  »pool,  ou  the  cover  of  the  box,  \a  placed  a 
thick  metal  plate  {a, h,o, .  . .),  the  first,  a,  l»eing  ronnei'ted  with 
the  binding  screw,  ^',  and  the  Ia.st  with  the  binding-screw,  Jf. 
One  end  uf  each  h|iou1  \&  connoctod  with  Uie  pliitc  abore  it,  and 
the  other  is  soldered  to  the  plate  uext  following.  The  plates 
arc  provided  on  their  opposite  edges  with  semicircular  imtehee, 
into  which  brafl.1  plugH,  s,  may  be  placed.  If  the  plugs  are  all 
in  circuit,  the  current  passes  from  h  Ui  V  through  the  thick 
metal  plates  without  appreciable  resistance.     If,  however,  ovlq 
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or  more  of  tlie  {iliigs  be  withdr&wu,  the  curro&t  will  travetse 
the  correBiwnding  sjumiI  and  suffer  a  corresi^jiidiiig  resistanre. 

To  obtain  atill  smaller  teswteuc**  Poggentlorff  iise<l  the  so- 
L-allwI  rtieocfiord.  It  oonslsts  of  two  platiuiim  wires  (Pig.  191) 
Htrulcbud  upuua  kurizoutal  Ijoard  in  siich  manner  that  the  box, 
li,  which  is  filled  with  mercary  and  penetrated  by  the  platinum 
wires,  eft'ects  the  electrical  comieetion  betwoen  them.  The 
current,  enterinj;  kL  the  Jiietal  plate,  c,  passes  along  iho  ]«lh, 
cJcd,  to  the  other  plate,  d,  passing  from  one  wire  to  the  nther 
through  tlie  mercury  iu  k.  The  little  boi;  may  be  mo>-eil  back 
niid  forth  ao  that  nliorter,  or  longer,  portions  of  the  vrird  may  be 


Fid.  1I>].— Bheoehonl. 

traversed  by  the  current,  the  lengths  of  theao  portions  being 
read  from  a  millimeter  scale  ftlong  which  the  box  slides. 

226.  Ohm'i  Law. — I^t  a  nonslant  gaKiinic  element  be 
closed  by  means  of  i»  WTieatstone's  rheontnt  and  u  tangent 
«,'alvftnometer,  whose  cnpiier  ring,  together  with  the  coudncting 
wires,  is  so  thick  tm  to  make  its  resi.ttancc  iimi>preriBblorclntire 
to  that  of  the  rest  of  the  circuit.  The  magnetic  needle  of  the 
^Ivftnumcter  will  be  deflected  through  a  definite  angle.  If  a 
aocoud  element,  jirecisely  isi^uttl  to  the  former,  bo  now  added,  the 
elements  l)elng  couue<rtcd  iu  series  after  the  manner  of  a  voltaic 
pile,  the  elcctromutive  force  will  be  doubled,  but  at  the  aatae 
time  the  msistain-e  withiu  the  clumontd  is  also  doubled,  since 
now  the  livjnid  pile  to  be  traversod  boa  twice  its  former  length. 
To  make  the  galvam)meter  indicate  the  some  dedection,  or  to 
keep  the  current  streugth  the  same  as  Iwjfore,  double  the  length 
of  rheostat  wire  must  he  inserted,  thereby  doubling  the  rosist- 
auce  of  the  circuit  The  current  strength,  therefore,  does  ntrt 
change  whrn  the  ratio  of  the  electromotive  force  t^i  the  total 
resistance  of  the  rircuit  remaius  constant.     But,  if  for  the 
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original  element  two  equal  olomcnts  of  the  same  kind  are  siiV 
stituted,  the  plftt«8  being  of  the  same  size  and  only  linlf  the 
former  distance  apart,  the  electro-motive  forre  will  l>e  iigain 
doubled,  while  the  resistance  remains  unaltered  since  the  total 
length  of  the  liquid  to  l«  traversed  has  suffered  no  change. 
The  galvanometer  now  indicates  double  the  ourrent  strength. 
The  current-strength  is.  therefore,  projwrtional  to  the  electro- 
motive force. 

G.  S.  Ohm  (1826)  fomid,  frnro  experiments  similar  to  these, 
the  important  law  whicii  bears  his  iianjo  :  The  tsttrrtrnt-strerufih 
ii  directly  proportional  to  the  deetiwncltv6  /crce,  and  tnvenely 
prcportioual  to  tfut  total  resistance  of  the  eireuil. 

The  unit  of  eleetromotive  force  has  been  convontioually 
decided  to  l»e  that  elertromntive  fon-e  which,  in  a  circuit  of 
1  ohm  resistance,  produces  a  (-iirrcnt  of  1  ampere  intensity. 
In  honour  of  Votta,  the  imil  hax  been  called  the  volt,  With 
this  M'stem  of  units,  Ohm's  law  may  he  also  stated  thus :  The 
curreiit-iitrenglli  (J  in  amperes)  e^juals  the  electromotive  force 
(E  in  volts)  divided  by  the  total  resistance  (B  in  ohme),  ur 
J  =  E  :  U. 

Since  the  electromotive  force  corresponds  to  the  difierenm 
of  potential  at  the  ihiIoh  of  the  open  battery-circuit,  and  is 
measured  by  this  difference,  it  may  bo  obtained  by  means  of 
uu  electrometer,  such  os  Thomson's  quadrant  electrometer,  by 
connectiug  one  polf  with  one  of  the  quadrant  |)aira,  and  the 
other,  a,  as  also  the  other  quadrant-pair,  with  the  earth.  The 
angular  deflection  of  the  instnimeut,  clue  to  the  unknown 
electromotive  fonie,  is  comiwred  with  that  of  a  constant 
normal  element,  whose  electromotive  force  is  knumi  in  vults. 
Daniell's  element  (l*ll>l  volts),  or  the  clement  of  Latimer  Clark 
(1434  volts),  is  ordinarily  used  as  the  norma/  element. 
Dauiell's  element  itself  is  frequently  used  as  a  pracHeai  unit 
of  electro-motive  force  (calletl  a  daniell). 

When  a  galvanic  element  is  cli«ed  by  a  wire,  the  potential 
diminishes  along  the  wire  from  the  po^titive  jiole,  tjctaiuse  a 
flow  of  positive  olcotricity  can  occur  only  from  point*  of  higher 
to  those  of  lower  potential.  Kloctrical  measurements  indicate 
that  the  |x)teiitial  falls,  byeqiutl  amounts,  at  points  separated  by 
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|}orttOQs  of  the  circuit  wltliui.  which  the  roaistance  is  the  same, 
or  that  tho  diminution  of  fotential  is  always  proportional  to  tks 
rttistanee  of  tJte  part  of  the  dnmit  traversed.  Tho  quotioat  of 
the  (lifTorance  of  potential  at  the  ends  of  the  coDductor,  divided 
by  its  reeistmce,  is  therefore  constant  for  any  given  circnit,  and 
this  oonstant  is  tho  <;iirrunt-!itroiigth.  ^^'o  know,  fntm  former 
considerations,  thtit  this  current-strength  is  the  same  at  b11 
placea  of  a  statiiinary  innmit.  Ohm's  law,  "current-strength 
equals  difierence  of  ]H)teutiiil  divided  hy  resistance,"  holds  then, 
not  only  for  the  entire  circnit.  bnt  alao  fur  eH(;h  of  iti  parts  in 
particular. 

The  diSerence  of  potential  at  the  ends  of  any  portion  of 
the  conductor  is  found,  w'wrdingly,  by  mnltiplying  tho 
current^Ntrength  into  the  resJ^itaEU'e  of  the  conductor.  As  a 
special  vase,  the  diSereuce  of  potential  between  tlie  termiuals 
of  tho  closing  wire,  or  between  the  binding-st^rewa  of  a 
closed  hattery.  may  be  found  by  multiplying  tho  current- 
strength  by  the  resistance  of  the  closing  wire.  This  latter 
difference  of  potential  of  the  Ldoaed  battery  Lt  always  smaller 
than  \\»  total  eltictrumotiYe  force,  which  Btptal.t  the  pmdnct  of 
the  curreut-Htreugth  by  the  total  resistance.  The  two  ijuanttties, 
however,  approat^h  each  other  more  and  mure  nearly  a»  the 
resistance  t>f  the  closing  wire  is  increased,  and  become  fn\vaA 
when  the  battery  is  open,  %.6.  when  the  resistance  of  the  electing 
wire  becomes  inKnite- 

2S7.  Applications  of  Ohm'e  Law.— In  all  proetii'jU  appltmliunH 
of  the  galvanic  current.  Ohm's  law  va  of  inestimable  value, 
sini-e  by  its  uid  it  is  possible  ia  determine  how  a  battery 
must  be  constnicted  to  accomplish  a  deGnito  purpose.  The 
rceistanoe  in  any  circuit  is  composed  of  two  parts,  riz.  of  the 
resistance  to  be  ovemome  by  the  <;upTent  while  traversing 
the  liijuid  within  the  element,  or  of  tho  interital  resiMtumw,  and 
of  tlie  eeiienuil  resistance  to  its  passage  from  pole  to  polo  through 
tho  closing  wire.  If  a  iinml>er  of  elements  {eg.  ten)  ore  con- 
nected in  scries,  not  only  dues  the  eleotromotire  force  beocme 
ten  times  as  great,  but  the  internal  resistance  also  incK«sd3 
tenfohi.  If  now  the  external  reaistaui-e  is  so  small  aa  to  be 
negligible  in  compariaon  with  the  internal;  if,  fur  instance,  the 
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buttery  i^  cloaetl  by  a  sbort  thick  metal  wire,  the  augmented 
electromotive  force  is  neutrelizod  by  the  iDcreoaed  rcsistauce, 
and  the  ten-eelle'l  battery  gives  no  stronger  current  than 
wualil  n  single  one  of  its  elements.  In  i-ase  the  external 
[resistance  is  very  small,  therefure  (with  a  " short  circuit "),  it 
will  be  adrmitAgeniis  to  use  a  single  olemout  with  plates  as 
lar^e  as  {xianible.  If,  for  iuatanre,  the  plutes  of  thu  element 
are  made  tou  timott  lu  large,  the  electromotive  force  will 
remain  imchangod,  but  the  internal  rosistance  will  be  reduced 
to  one-tenth  its  fornior  vahie,  bpcauso  the  tross-siection  of  the 
liquid  oondnctnr  1»etween  the  plates  has  I>een  mnltiplied  ten- 
fold. AVith  l(.'n  times  as  Isrge  an  element,  therefore,  ten  times 
a-i  ;^at  ait  ofleet  is  secured.  l*V>m  tliiswo  have  the  following 
rule  that*  with  small  external  resistances,  no  atlvantage  is 
obtained  by  using  several  clomonts  connected  interigs,\>nX  that 
the  use  «if  a  single  large  element  is  of  great  practical  ndvanlago. 
It  is,  however,  possible  to  prepare  a  single  element  with  tenfold 
p)Ie-plates  from  the  ten  indivldnal  elements.  This  is  accom- 
{tlislieil  by  merely  (-onnecting  all  the  pftsitive  {e.g.  n\w)  plates 
with  one  another,  and  so  also  all  the  negative  {e,g.  copper  or 
plfltinuml  platea,  or  by  connecting  the  ten  elements,  not  into  a 
|)ilt.',  but  into  aixc  olemont  (in  paralUI).  If.  on  the  other  baud, 
the  external  resistance  is  very  great>  as,  for  instance,  in  the 
case  of  a  long  telegraph  wire,  more  and  more  current-strength 
will  he  obtained  by  combining,  in  wrMs,  on  increORinf  numlier 
of  elements  into  a  single  battery ;  because,  while  thu  oloctro- 
inotive  force  incrufies  with  the  number  of  elements,  tho  total 
resiHtanco  is  not  jierceptibly  altered.  The  internal  resistance 
.becomes  of  less  and  less  consequence  the  greater  the  external 
resistance,  or  with  large  external  resistance  il  Ls  immaterial 
whether  small  or  large  plates  are  used.  The  same  result  may 
be  obtAiDcd  in  thia  case  with  small  elements  as  with  lai^  and 
more  expensive  ones.  When  a  numlwr  ie.tf.  ten)  of  elements 
are  at  disposal,  they  may  be  (■ompoimdwl  in  various  ways,  viz. 
into  one  element  with  tenfoM  plate  area,  iata  a  column  of  two 
elements  with  fivefold  plate  area,  or  of  five  elements  nith 
double  the  plate  area,  or  tinally  into  a  column  of  ten  olomontt 
of  the  same  plate  area  as  any  element  itself  possesses.    To  the 

t  u 


370 


EXPF.HIMF.NTAL   PUTSICB. 


question,  wliicli  of  theae  coaibinations  fiimi-ilies  tli<^  greatest 
curreni  strength.  Ohm's  law  furnishes  an  bdswci-:  TJial  in 
vshich  the  iiiiernal  resistance  ia  mo$l  nearly  tqwxi  to  tli«  given- 
external  resiaiance.  Ask  apparatus  which  makes  pos-tihle 
rapid  combinations  of  this  sort,  and  |«nnits  of  reaily  tians- 
forraation  from  one  to  the  other  so  that  the  imwt  adviin- 
tageons  armnweraeiit   may    be    readily    SL-leeted.  in   called   a 

JKtcht/trXfjK. 

Ohm's  law  ahto  fnniiehtia  ft  rulo  for  the  luoot  advantageoos 
construction  of  golvanomotors.  This  mlo  is  so  to  select  the 
wire  that  the  resistance  of  the  multiplying  coils  nill,  aa  nearly 
as  possible,  »f{iiHl  the  resistance  uf  the  rest  of  the  cirutiit.  Tf 
the  ciirreiU  t><>  lie  m«a--<iir(!d  has  n  high  resUlauc'c  untside  of  the 
ilvaiuinictor.  as  nith  liqiiidn,  tho  multiplier  is  made  of  the 
'^roatcst  ]njssibl0  number  of  coils  of  a  very  slender  wire,  for 
in  this  case  the  deflection  of  the  needle  is  apppoximately 
proporliiiiial  t^i  the  number  »(  coils.  But  if  tlie  resistance  of 
this  jMjrtioii  of  the  circuit  is  small,  as,  for  exaiiiplu.  with  the 
thcrmcjpile,  a  few  windings  of  a  thick  wire  are  more  efTective. 
for,  ill  this  cose,  the  current-streiipth  is  pruportionul  to  the 
cruss-secttOQ  of  the  mnltipLier,  and  iudeiHindont  of  the  number 
of  coils- 

228.  Confitaiit  (Hlranic  Elements.^ Ffn  gntvanic  element  is 
cloFted  by  means  of  a  thick  wire  with  a  tangent  galvanometer  in 

the  circuit,  the  current  strength  indicated  is  J  =  jy,  if  Edenote 

the  electromotive  force  aad  B  the  ro»istaace  of  the  element. 

If  DOW  a  known  resistance,  r,  is  added  by  means  of  a  rheo«t«,tt 

£) 
the  currc*nt-strongtb  is  diminished  to  J'  =  ^ rrr.      From 

these  equations  in  which  the  intensities  .1  and  J',  and  aI»o  the 
resistAnce.  r,  are  known,  the  two  unkiiuwn  qnantitiett  K  and  B, 
i4.  the  electromotive  ft.rc-e  and  the  iuternul  reKinlance  of  the 
element,  are  readily  comiHited.  These  quantities  are  called 
"constants  of  the  gaK-nnir  element."  This  methoil,  due 
to  Ohm,  is  applirablc!  only  to  i-i>nstanl  elements.  Other 
methods  of  determiuiug  elcctromotire  force  will  be  discussed 
later. 


ELSCTBICAl  COBRSNTS.  STl 

The  electtomotive  forces  of  aume  galvftnic  elements  are — 


Votta. 

Daoicll 

ItM 

Bunxon  and  Grove 

I& 

Cliraniu:  acid  flsment 

20 

M«idinKur 

1-0 

L«cUnrhS 

13 

liUimer  Clark 

i-4;m 

Lead  ooauoiiilatar 

1-9-20 

S29.  Br&aohed  Circaito — Shtmts. — Thus  far  we  bsTe  ood- 
siilored  only  aimple  circuits.  We  shall  now  assnme  that  the 
connecting  wire  of  the  element,  or  of  the  battery,  K,  divides  at 
the  point  a  (Fig.  11^-1  into  two  branchos,  which  Again  como 
together  at  tho  point  b.  Since  at  each  branching  point,  to 
maintain  (l}-naniical  cqnilibrinm  in  each  cross  section,  the  same 
amount  of  electricity  must  How  out  aa  flows  in,  the  sum  of  the 
current-strenfftli  in  the  branches  anih  and 
anh  must  equal  the  current-BtroDgtb  in  tiie 
unbranehed  portion,  'jE<i,  ef  the  circuit, 
i^ince,  furthermore,  the  Name  diifcrenee  of 
potential,  vix.  that  between  the  poinle  a 
and  /),  sot  the  two  branched  current*  in 
motion,  the  IoB»  tif  tension,  or  the  fall  of 
potential  along  amh  and  alonp;  anh,  U.  the 
products  of  the  current -strengthei  into  the  corrMpondiug  resist- 
ances, muRt  l»e  tK|ual.  In  other  wurdu,  tlie  curront-strenfj^hf) 
in  the  branches  are  inversely  as  their  resistances.  I^uppone. 
for  example,  the  resistance  in  the  branch  anii,  technically  called 
the  shuni,  is  li^  times  as  great  as  in  the  branch  amh.  the 
current-strength  in  amb  will  then  be  99  times,and  the  strength 
of  the  entire  current  100  times  as  great  oa  that  in  anit. 

This  principle  is  used  to  measure  strong  i-urrenta  with 
galvanumetuK  desigiie<l  for  use  with  weak  curreutM  only,  the 
galvanometer  being  inserted  in  the  Bhunt.  anb.  If  the  resist* 
aooes  of  the  coils  of  the  gidTauometer.  and  of  amb  arc  known. 
the  current-strength  in  amb  is  as  many  times  f^reator  than 
the  indication  of  the  galvanometer,  as  the  resistance  of  the 
galvanometer  is  greater  than  that  uf  the  branch  amb.    The 


cf^ 


Flo.  lin.'^Bf«ii«l)«d 

CiKviu  (Shtmti). 
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Ktrength  of  the  main  cnrrent  U  then  etjual  to  the  sum  of  the 
streufrtbH  in  amh  anil  in  anb. 

A  galvouomoter  of  high  re»uitttiii;e  mny  also  ho  used  in  the 
ahuut  to  detenume  the  differeuue  of  putoutiBl  Iwtween  the 
pointB  a  and  b  where  the  ahunt  is  connected  nitU  the  main 
carrent.  I'Vjr  Ihis  differeuce  (if  [Kitfiiitial  the  ciirrent-strenj>th  U 
muUiplietl  by  the  reaUlanoe  of  the  galvBnometer  wire,  aud  ia, 
therefore,  pro[X)rtioiiaI  to  the  curreot-strenglh  in  the  galvano- 
meter. When  the  resistance  of  the  galvanometer  is  knovm  in 
ohms,  and  the  eurreut-strenRth  in  amperes,  for  every  deflection 
of  the  needle,  the  dift'orenee  of  potential  between  the  p<.'int3,  a 
and  b,  18  given  in  volts  by  the  |jri>diiet  of  these  livu  magnitudes. 
Or.  if  the  instrument  is  provided  with  a  scale  gradnated  in 
volts,  the  different  of  potential  may  be  read  off  directly. 
SiK'.h  instruments,  pmvidetl  with  a  large  number  of  windings  of 
A  slender  wire  and  used  in  shunts,  are  calle<l  volt-met«r$. 
Similar  apparftlns  with  short  thick  wires,  to  be  used  in  the 
main  eiin'ent,  whic^h  give  the  ciLrrent-strengtb  in  ami>&Tes,  are 
called  amjihrc-meiers,  or  better.  ammeter$. 

230.  WheaUt«ne's  Bridge. — If  the  branches  frmh  and  anh 
(Fig.  1U3)  of  the  tnirreut  are  connected  by  a  cross  wire,  mn, 

called  a  "  bridge,"  two  currents 
flow  in  opposite  directions  in  the 
bridge.  These  branch  off  from 
the  cm-nmts  in  am  and  in  tm,  at 
the  points  m  and  ».  If  these 
currents  have  equal  strengths 
they  neutralize  each  other  and 

bridge.  But  when  no  current  is  flowing  in  the  wire,  tnn,  the 
potentials  at  it»  ends  m  and  n  are  also  equal.  Since  now, 
along MUi/i  and  an})  the  potential  sinks  gradiiany  with  the  resist- 
aneo,  fcom  Hn  value  at  a  to  its  vnUw  ut  /',  in  uxai'tly  the  same 
way  as  though  the  wire  mti  were  not  present,  the  points  m  and 
M,  where  equal  potentials  exiat,  must  he  so  situated  that 
r, :  r,  ; :  r, :  r„  where  r„  r..,  r„  and  r,.  denote  the  resistances  in 
tbe  segments,  am,  mb,  an,  nh,  respectively. 

AH^eat^one    (1843)    used    this    bridge   Ut    measure    the 
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resietanccH  uf  (■oniluptors.  When  tbo  coDiltictor  whose  re^istanc» 
to  be  (lelermimecl  is  inserted  at  r„  and  a  tbeoslst  is  plocod  at 
r%,  the  resiijtttiivo  of  the  latter  may  be  varied  until  a  galvano- 
leter  jiliiecil  in  th«  liriil^  points  to  0.  The  resiatauce  sought 
will  then  bo  to  that  ol'  the  rLewatat,  in  the  ratio  of  the  knomi 
^wsistaiice^,  r.  and  r,.  If  the  latter  have  been  made  e<|ual,  the 
sistanoe  sought  o(|uats  that  of  tbo  rhaoatat.  The  needle  of 
the  galvanometer  plays  the  part  of  the  pointer  of  a  balance 
whirh.  by  pointing  to  zero,  indicates  the  resistances  in  the 
branches  r,  aud  r.-  to  bo  (>(]ual. 

Tbo  bridge  prtM^OHs  may  bo  mo<Htied  by  ntretching  between 
It  and  h  a  wire  along  tbo  edge  of  a  scale  gra^liiated  to  nun.,  and 
sliding  nptm  this  the  end  m  provided  with  a  contact- button,  until 
the  galvanometer  inserted  in  the  bridge  ]K)ints  to  zero.     The 
idesirerl  resistance,  r..  is  then  to  the  known  resistance,  r„  in  the 
^ntJo  of  the  iiart,  mU,  of  the  measuring  wire  to  the  distance,  am. 
In  the  univtrsal  galvanometer  of  Siemens,  bridge,  galvano- 
meters, measuring-wite  and  a  known  redistaiice  are  ingenioualy 
combined  into  a  tiiu^de  apparatus. 

The  Bolometer  uf  Longley  (18^1)  (wnftistsof  a  Wheatstone's 
bridge  into  Ixith  ui  whose  hranclie«  a  number  of  slender  wires 
of  steel  and  platiuum  are  inserted.  Tbeao  wires  have  equal 
resistances  at  the  souio  temperatures.  Bui,  if  one  portion 
of  the  wires  is  heat«d,  the  resistance  to  conductivity  is  in- 
creased. The  galvanometer  placed  in  the  bridge,  which  wosat 
re.tt  wheu  the  t\ro  sets  of  wirai  were  at  the  Name  tem|ierature, 
is  uow  deflected  in  conseqnence  of  the  differenre  In  intensity 
of  the  currents  iluwiug  in  opposite  directions  in  the  bridge. 
The  instrument  is  thus  cnjmble  of  iudicating  extremely  small 
changes  of  temperature. 

m.  n*  PrMfw  «t  CompvnMtioii.  —  If  two  ulectromotive  fiHCca  »cC 
kiut  each  alli4!T  in  n  liitiiiln  i-iixMitt,  a  cunuat  orina  whkh  coneqwnds  to 
Ei«lr  difference,  no  cuiit-'iit  at  all  aibjiig  wlieu  the  eleotromotiTP  forcM  Kro 
eqiul.  It  U  faand.  for  example,  that  a  batlcry  <if  pevontoen  Uy  I'ixhtMii 
Dflliiell's  elemenlR  must  be  nia<Jo  co  act  agaiiigt  a  liattory  of  I«ii  UiinMn'a 
«knienl8  to  make  tlie  galvanonielor-tipcdlu  itiiliuale  0.  Heucc  K  remits  that 
tha  etoctromutjvp  furca  uf  unu  Bunwti's  elumcnl  ic  1*7  to  1'8  of  a  DaniellV  In 
r'lUs  vo.)'  the  elodromotivs  forCM  of  varknu  vli-montt  miijr  be  roogtily 

A  more  dccnnte  compariftonttobtaincd  tijrincaDiiortliGfbQowingbnuictMd 
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circuit  (PiKgcndorT.  1841).  At  iLe  pointe,  m  and  n  (Fig.  194),  of  the  circuit,  io 
whicli  at  Kaofl  t  thu  olmncnts  to  Ira  cumparL-d  ore  inserted  no  lu  to  not  in  oppo- 
sho  (lircotiuns,  i^.  wuli  Itkc  jiuIck  coniuxteJ,  •  crotM-witr,  mn,  wHh  a  rhciiwtat 
a  atlMtiei],  In  thti  [Kirtluu  dC  tliv  drculL  cohIaiiuiik  tlie  element  of  Niullcr 
Blertromottve  force,  i-, »  Kalvauonieter,  Q,  is  connMteil  up,    Tha  reotet&noe  cf 

the  rhfoauit  is  now  varied  until  tJie  |^- 
•mnomt'ter  ikjihIb  Io  icro.  In  the  bmncli, 
metin,  there  ix  then  no  eutrcnt.  aiul  the 
rurrenl  in  llic  clnscd  circnit.  EwinK,  rotm 
tic  the  name  na  lliuiish  tlic  ^Timch,  mcO«, 
were  uoi  proiient  If  K  deiiolo  thv  rauit- 
anoe  of  the  branch,  mKn  (comuowd  dtiefly 
of  the  inlenial  rt<«lfii&ii<-e  of  tlie  elemonl, 
EJ.  11  lid  r.  thai  of  tlie  croa^wire  togi>lbeT 
Flo.  194. — CcnnpofMtioD.  with   the    rhetoiat,    BCOOldtng   to    Ohm^ 

lnw,  Use  ciirrent-Htnogtb  in  Uii&  circuit  is 

J  =  .-, -„    To  be  able  to  brine  llie  intenattv  of  ibe  curmt  in  tha 

(R  +  r )  ' 

bnnoli,  tncOfl,  to  zero,  the  diflferGiico  of  |K>t«n(iiil   nl  the  points,  m  and 

n,  *xpr«(aed  by  tlio  product  of  llto  in(«rKit}'.  J,  into  the  rc«ii>uiic«,  r,  «f 

UM  crosa-wira  mnst  bo  equA.1   to  the  op]io«il«  eloctromotiro  force,  e,  i.«. 

Jr  =  e.    Hence  it  appoa,n  that  the  i-leetromotive  force*,  E  and  r,  oni  to  g«c1i 

other  aa  (he  known  ixntstiuiccfl,  11  +  r-  and  r     If  the  iatenial  rcaiituioo,  B,  of 

Uis  olement,  F,  Ls  net  kauwn,  n  r<-HintanCL-,  K',  inii«t  be  added  in  the  Wancb, 

mRn.    Tliv  ftoiBtauce  of  mn  must  tli«D  b«  clianged  to  r'  to  make  the  sal- 

Tanvmutci-nMdle  ^y,  and  ia  addi^oii  !«  the  tqnatioQ  Kr  =  «  (E  +  r)  wc 

hoTv   iiJHu  Er"  =  eCB  +  R'  +  r'),  vrhotico  wo  dotormine  Uitli  tlie  ratio  of  the 

olectiamotivu  forces  and  tic  intcnial  rcsietaiicu,  R  —  ,—; 1 , 

(r'  -  r> 

SoiinenH*  nnivtnal  galvsnometf  r  i«  nUo  arranffvd  lor  iIum  proooM  of  coan> 

penwiidii  to  determine  ftlertroniulivu  forces  imd  inlernal  rpwinliinceit. 

332.  Kirchhofri  Lawi. — The  prublem  of  branched  circuits  in 
general  may  l»e  treated  according  to  the  same  principles  as  are 
inTolved  in  these  special  examples. 

At  ©very  bran  eh- point  and  at  everj'  Instant,  just  as  much 
electricity  Hovra  to  the  point  as  trum  it  If  the  stxengtb  of  the 
eutAring  curreot  he  regarded  a^  iwi^itivo  and  that  of  the  out- 
going negative,  we  have  this  pri>puBiui>n — 

1.  At  every  branch-point  tlie  $um  of  oil  the  current-streiigtht 
efualtzero. 

Erery  branched  circuit  may  be  decomposed  into  a  number 
of  simple  circuits,  each  cloaed  in  itself.  In  Fig.  193,  for 
ingtance,  wo  have  the  following  oluied  citciiit* : — EambE, 
"EttnhE,  anloui,  unrnu,  mnbtn.  In  each  ol'  these  circuits,  the 
sum  of  all  the  losses  in  tension  (potential)  mnst  equal  the  sum 
(if  all  the  eloctromotire   forces  acting  in  the  circuit,  and  in 
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particular,  this  suni  miut  equal  zero  if  the  circuit  oonsidcred, 
AS  with  the  three  lasL-mentioneil,  contains  no  olectromotive 
foix-o  at  all.     We  have,  therefore,  this  second  proposition — 

li.  hi  every  dosed  portion  of  a  liraneheA  eireuit,  the  turn  of 
tkf  prodttffts  of  intenettifv  and  corresponding  resiMancea  e^als 
the  ntm  of  tJie  eteetromotive  forcet  acting  in  the  respective  parts. 

These  two   laws,  ftinnnlaUHl    by  Kirehhoff,  wbifh  are  the 

|most  general  expFe!ui>:iii  of  Ohm's  law  for  linear  conductors, 

always  furnish  as  m&uy  (K^uationi*  as  are  required  to  rletermine 

the  ciirrent-str&Hgths  of  the  individnal   branches,  when  thoir 

resistances  and  eleotroniotivo  forcon  are  ^ivou. 

S33,  Ftov  of  Onirenu  in  Cradaoting  Bodlta. — As  iu  the  linear  Muilnctora 
hiUicrtu  exclusively  ciiiisiil^rc!,  no  a[m  in  condncting  Rurbccs  (e^,  in  raetol 
'  tteaJiODd  in  coriiiuciinj;  liinlii-n  cniiiiccSv!  in  LoUL-ir-drciiiw,  u  otatiaiKUy 
a^on  i>r  tho  currciil  ia  reikflio'.  in  vnune  <if  tiins,  hy  Uie  )iun)pi  of 
ricitj  from  y\axx»  of  higlier  to  [ilanaN  of  tower  jMitvutiaL  Benreen  |>oInDi 
equal  potentid.  on  llie  contraiy,  no  i-unrent  can  flow.  If  two  points  of  a 
plMo  tiavened  by  u  current  be  touched  with  tho  imlM  of  a  galTanometer,  & 


Finit.  laS,  I3(i.— Lmca  of  Plow. 

doflAClioD  refiuttx,  whenerer  tbc  points  touched  have  iliflereiit  potcottil*-  Bt 
^moving  one  end  of  the  galvaooineter  about,  a  Berk*  of  points  mxy  ba  rradlly 
Hbiind,  whero  tlie  gaIvanoiii«ter-needle  remains  at  rMt.    At  ib«se  pofnta  toa 

GtMitis]  i»  tha  Bamo  as  at  tha  point  toucliod  by  tho  other  nlraiionialer  pole. 
thoIr sffgregaia  thoy  fomt  alino  of  muaJ  t«n<&on,  or  of  wpmX  polentifil.  pasring 
[Uiniafjh  tM  latter  point.  Similarly,  in  Kttended  conducting  bodies,  rarfnoM 
lOf  equal  IcnaioD,  called  *qitijpoUnliai  ntrfattt,  may  be  futuid.  FfUni  one 
Humotentia]  Mrfaco  to  tb(^  n«xt  low«r,  Uie  «lcctric«l  How  pflstta  in  Hum 
naind  tinea  of  riow),  perpen'licularly  to  eac^b  of  the  stirf^ces,  eomRxiniUnp  to 
Qm  lint*  of  force  in  eloctroetatic  poWntial,  and  to  wory  e<irrenl  limited  by 
mch  Iium  of  flow  0)im'«  Un  applies. 

For  f  sample,  «pon  a  rMUngiilar  platis  of  moiAl  to  whose  opposite  sWea,  ofc 
and  rj  [Vi^  196),  lti«  mr«*  of  a  fcalvaitic  bAtlonr  arc  soldered,  the  linea  ot 
,  -aqoal  pot«utUtl  ma  parolkl  to  tbcM  «d«ii,  aud  lh«  lints  of  flow  &r«  psralls)  to 
Jw  otUoi  pair  of  silks.  If  th«  pol«»  of  a  bottwy  bo  attached  to  the  pointJt  a 
and  h  (Fi;.  1M1  of  tbo  nrcumfraence  of  a  circular  diitk,  Ibe  cqiiipotcMtal  lines 
«ncirclea,vfaoM  nutictiliu  liarniuuicallj' to  <t  aud  h,  upon  tb«  coniMN-tinK  line 
o^  and  lite  lines  of  llow  pt-rpendicuUi  to  ibeee  ciidtc  era  thcniMlircs  circles 
paMiug  tlirough  the  ptnnts  a  and  h. 
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234.  Heat  of  the  Cnrrent— Joule's  law.^ — It  was  obserred, 
sooii  after  the  discover)*  of  the  voltaic  pile,  that  oonductore  are 
bettted  wheo  traversed  by  ciirrcoT^  Bml  thHt,  nitli  Buili<>ieuc 
ourreu1-8tn>Qgth,  wiret?  may  even  Ite  made  to  gluw  and  melt. 

By  immersing  a  i-oil  of  wire  travursed  by  a  eurreul  lu  a 
calorimeter,  wbiL-li  was  jttled  with  a  uen-couducting  liquid 
(e.^.  alcohol,  benzine,  oil  of  turiwDtiue,  etc.).  of  known  epectfie 
beat  to  prevent  sbunting,  Joule  (L841)  found  the  law  which 
boars  bio  nunie : — Tlie  qtuxntiiy  of  heat  developed  in  a  conductor 
in  a  unit  of  time  it  propwlitmcd  to  the  resittanee  of  the  coriduetor 
atui  aim  to  Oie  sc/aare  of  (he  eurrmtt-sir&nffth. 

Joule's  lutt'  Could  bavr  beeu  fouud  without  experiment, 
from  the  following  couaidenttions,  based  upon  the  principle  of 
the  conservation  of  energj-.  While  the  quantity  of  eU'ctricity 
flowing  tbrtnigb  the  wire  in  a  uuit  of  time,  or,  while  the  eurrent- 
streugth,  J,  sinks  from  the  higher  potential  at  one  terminal  to 
the  lower  at  the  other,  it  performs  a  quantity  of  work  equal  to 
the  product  of  this  electrical  mass  into  the  difference  of 
potential  at  the  ends  of  the  wire.  According  to  Ohm's  law, 
this  difference.  E,  equalp  the  product  of  the  strength,  J,  and  the 
resiHtanct',  K.nf  tbi'  wire,  or  i!()UaU  .IK.  The  work  |>ertV>rmed 
by  the  current  in  the  wireeqnals,  then,  J.rR  or  J'K.  This  work 
is  transfonnecl  in  the  wire  into  an  e(|Hiva!eiit  quantity  of  heal, 
W.  If,  therefore,  we  select  as  tho  unit  of  heat,  the  quantity 
of  heat  ei]uivalvnt  to  the  unit  of  work  (erg),  we:  have  Jonle's 
iw,  W  =  J"R,  or,  since  JE  equals  E,  W  =  JE.  The  heat 
Bveloped  in  a  segment  of  the  conductor  in  one  second,  or  the 
work  per  sect>nd  corresi>nnding  to  it,  called  the  eff'eet  of  the 
current,  is  acconliugly  measured  by  the  prodluct  of  the  differ- 
ence of  p(jtcntial  (E)  of  the  segment  in  yoHb  into  the  cnrrent- 
strengtli  in  amjX^res..  The  result  appears^  therefore,  in  lerms  of 
a  unit  called  1  volt-ampere,  or  also  I  watt.  One  teatt  eqnak  ten 
million  rrgs  per  second,  eijuaU  0*1019  kgni.  per  g«cond,  equals 
j^  honje-power. 

From  Joule's  law  it  in  evident  that  metal  wires  are  heated 
by  the  current  to  higher  teni^iemlures,  when  tbey  are  of 
»mall  crosa  eectioii  and  when  the  (H>uducting-power  of  the 
metal  is  tow.  For  illustration,  when  a  current  is  passed  through 
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a  chaiu  uf  equally  thick  wires  alternately  o(  silver  and  of 
platinum,  the  platinum  wires  are  healed  more  strongly  than 
are  the  far  (setter  conducting  silver  wires.  The  plutimim  wires 
may  even  be  heated  to  iucaQdesoence,  nhUe  the  silver  remains 
perfectly  dark  (Children,  1815). 

Kdisuu's  (1879)  incandescent  electrical  lamp  depeuds  upon 
the  heating  action  of  the  current.  A  ehar^'ed  filament  of 
hemp,  or  cotton,  of  high  resjatauce  {e.g.  140  ohms)  and  bent 
into  the  form  of  a  horseshoe,  is  enclosed  iu  au  exhausted  air- 
tight glass  globe  to  protect-  the  ttlament  from  bumiug,  while 
a  current  of  about  100  volts  paasing  through  it,  heat«  the 
filament  Ut  in<!aiida.4<!euc!e,  giving  it  an  intensity  of  approxi- 
mately Ilfteeu  caudles.  This  same  principle  uf  the  heating 
effect  uf  tht?  current  in  made  use  of  in  blautitig  in  mines.  A. 
cartridge  is  prepared,  in  which  u  slender  platinum  wire  ter- 
niiusten.  The  wire  becomes  heated  by  a  current  led  to  it 
■through  a  thick  insulated  copper  wire  to  a  temperature  high 
enough  to  explu«l<}  the  cartridge.  In  medical  science  glowing 
platinum  wirtts.  heated  by  electrit*!  currents,  are  used  to  hum 
out  ulcers  alwut  which  the  wire  is  looped  (cnuterization, 
gal  vuiHi-cHUHtict ). 

83$.  Qalvanic  Sparks. — Even  with  galvani<^  balterioH.  which 
furnish  currents  of  great  strength,  tUc  potential  at  the  poles  of 
the  <j|K<n  circuit  is  so  small  that  they  must  be  approm^hwl  to 
inlluitasimally  small  diRtun(;e)t  l«efore  a  .spark  can  |UU8.  A 
spark  sufUcieiitly  Ktrong  to  pa.«.>i  through  the  atmospheric  layer 
between  the  poles  can  only  be  olduiued  with  batturieci  con- 
UStiQg  of  a  large  nimiber  of  ulomeutji.  Gaasiot  found  that 
the  poles  of  a  battery  of  3U00  elements  must  be  brought 
to  a  distance  of  0''I  mm.  of  each  other  before  a  spark  would 

PU8. 

If.  on  the  contrary,  the  [Hiles  uf  a  galvanic  battery  are 
(»unevted,  the  little  particles  upon  Ihe  suifeces  of  contact  form, 
u  it  were,  a  thio  wire  of  very  high  tesistaace.  A  rery  ooit- 
ndexable  rise  of  temperature,  therefore,  -M-curfl  here,  If  the 
wires  are  separated  again,  at  the  poiut  wlicre  the  current  bt 
broken,  Itmiiaous  sporkH,  called  ffolvanie  tparJcs  {opening  sparit), 
are  produced.    The  heated  air  between  the  elet^trodea,  which  is 
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filled  with  metallic  vai>oiira  and  particles,  transmits  the  current 
for  R  tjmo,  until  tbe  distance,  and  lieiive  the  resistance,  has 
become  too  great. 

236.  Davy's  Arc-Iiight— "When  Davy  (,1821>  brwaght  tbe 
puiuts  of  tno  carboii  barx  cotiuected  with  the  i>oles  of  a  strong 
battery  in  contact  end  then  sejmrated  them  ^Lightly,  thoy 
ahono  ont  with  a  bliDding  white  light  and  a  less  lominous 
current  of  Hghl,  rwembling  a  flame,  wa^  seen  between  them. 
\Vhen  tbe  conneoiing  line  uf  the  poles  was  placed  horizontally, 
thig  flame  aasumed  the  form  of  an  arc  onrred  upwards  (Fig.  197), 
and  it  was  therefore  called  the  "  Toltaic  ar<--."  This  arc,  which 
formed  a  conducting  bridge  between  the  incandescent  carbon 
points  and  acted  as  a  movable  conductor,  is  formed  by  hot  air 
mixed  with  gaiies  and  vap'.>ur3  of  oombustioo  and  glowing  par- 
ticles uf  carbon,  torn  leose  from  the  carbon  points.   The  greater 


Fin.  197.— Arc-Ligbt. 

quantity  of  these  particleit  proceeded  from  tbe  more  strongly- 
keated  positive  pole.  Ait  a  reaidt,  the  pusitive  carbon  became 
blunted  and  even  hollowed  out.  while  the  negative  remained 
always  pointed.  Since,  moreover,  both  c&rbom  bum  an'ay  at 
their  gloniug  points,  they  are  grudiially  fonsumed,  tbe  |)Ofiitive 
carbon  about  twice  ^  rapidly  as  the  negative.  The  arc  rc^isla 
the  passage  of  the  current,  and  with  gri«ter  stieugth  tbe 
greater  tbe  distance  of  the  points.  In  consetjuence  of  their 
gradual  consumption,  the  strength  of  the  current  diminishes, 
until  it  is  no  longer  able  to  form  the  arc.  Tbe  circuit  \s  then 
broken  and  the  light  extinguisbod.  For  purposes  of  illumina- 
tion, the  electric  "  arc  light "  must  bo  so  arranged  that  tbe 
(!arlHm  points  are  kept  automatically  at  tbe  proper  distance 
apart..  .Apparatus  for  accomplishing  this  are  called  regalatoia. 
or  arcAampa.  The  mechanism  of  those  regulators  will  bo 
explained  later. 

237.  Thenno-electricitT.  —  In     IS'il    the     elder    Soebeck 
discovered  that  an  electric  current  may  be  produced  by  simple 
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heating.  When  a  bent  copper  plate,  m»  (Fig.  198),  is  soldered 
to  R  plate,  op,  of  bismuth,  and  one  of  the  soldered  junctions, 
0,  is  heated  or  the  other,  t,  in  tvMled,  a  needle,  a,  suspended 
between  th(>  plates  indioateK  by  itit  deflei^tiuu  that  an  electric 
current  extsto  which  circuits  the  rectaagular  Hpace  between  the 

plate*.    At  the  mure  highly  hoatod  .. 

junction    the    fiirronl    flowb   from  r^zSf^^pr.y--^ — ^^^^ 
the  bismuth  te  the  copper,  and  at     P    " 
the  ciKihT,  fmni  the  <'opper  tt*  the 
bimnuth.     A  current  produced  in 
thiti  way  iti  called  a  ihermo-eJetftric 
curreut     R-pIiiciiifr  th«    bismuth 
piate  by  a  bur  of  aiiliniMiiy,   the 
current  at  the  warmer  janction  is 
foiiud  to  flow  from  the  cupper  to 
the    autimony.      Testing    vnrioiis 
metalii  thiia,  it  is  passible- to  ar-  fm.  UB.— Clo«oJ  TL^rmcMilootTic 
ruiigt'    them  lii  a  series,  called  a  Klwiiuni. 

ilteruKMdectric  potential  series,  of  such  character  thai,  at  the 
warmer  junction,  the  thermo-electric  current  floiTs  from  the 
metal  itlanding  higher  in  the  series  to  the  one  below  it 
This  series  is:  biamuth,  nickle,  mercur\',  platinum,  lead,  copper, 
gold,  tiilver,  zinc,  iron,  and  antimony.  A  few  fiulpbnrelted  and 
anliiniMiuretted  metals,  as  also  a  few  oxides,  e.ff.  copper  and 
arsenic  pyrites,  blue  lead,  manganese,  etc.. stand  alx>vt-'  bismuth, 
while  an  alloy  of  two  parts  antimony  and  one  part  tin  stands 
even  below  antimony.  With  the  same  diflcroueos  of  tompera- 
tJire  at  the  junctions,  the  differeuceo  of  patontial  are  greater, 
the  wider  the  metaU  are  separated  in  the  series. 

Pvi  Ktciull  difTereiice^  of  I^mporBtuie  the  eloclromotivo  force  is  pro- 
ponjonkl  hi  thene  difterpriOM.  With  larger  difli-rvncei^  on  Lliv  contrary,  tttv 
dectrORioUvu  rorci>  is  Keen  to  be  dejivtideiit  upon  ths  absolute  tompanlure. 
The  meub  uhilt  th^iir  |iLicw  in  this  series  uaoar  oortaiii  oircunutanoca  and 
vTcn  iDt«rehangv  thom;  iho  aloctreuiotive  forvo  at  a  dodnita  temperature 
<tba  io-oallcd  ueutni  point)  bwoariflg  mio.  and  bejvnd  dw  poial  beooming 
inuaed. 

A  circnit  composed  of  two  metals  soldered  together,  as  in 
Fig.  19H,  is  called  a  doted  thermo-electric  element,  or  a  tharmo 
ettmcni.     Two    bars  of   different   metals,  »^.    bismuth    and 
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antimony,  ecildcreil  togethur  at  but  one  nn<l  anil  left  Iree  at  the 
othor,  the  froo  cuds  varrymg  the  condaoting  irire,  fonn  a  so- 
callct)  open  element  (Tig.  1 99)  which  becomes  &  cloei>d  olomcnt 
on  bringing  the  ends  t4  the  nires  in  rontitct.  The  tension  is 
heightened  (n-fold)  by  connecting  mveral  (n)  elements  after 
the  manner  of  r  rottair?  pile,  into  a  thermo^eetric  pile,  or 
thermopiU  (Knbili,  1831),  as  u  shown  iu  Fig.  20U.  In  this 
apparatnit  sovoial  flnuJJ  bars,  or  pUte^.  whose  enclogtires  are 
&Llcd  n-ith  u  non-contln<-ting  material,  are  united  into  a  dingU 
bondlo  and  enclosed  within  a  case,  P  (Fig.  201),  in  Kuch  wa] 
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that  the  terminal  platet?  are  connected  with  the  binding-screws 
«  and  y.  Such  a  ihermopile,  connecte*!  with  the  nmltiplying 
coil  of  a  galvanometer,  becomes  a  thermo-muUiplier  (Melloni, 
1841),  which  fumishL-s  a  delicate  means  of  demonstrating  and 
measuriug  feeble  thermal  cfl'ccbt,  especially  such  as  arc  due  to 
radunt  h««t.  With  Urgcr  thermopiles,  designed  to  replace 
galTanif  belteries,  <me  series  of  junctions  is  heated  by  a  gas 
flame,  while  the  other  is  cooled  either  by  simple  radiation  or 
by  immersion  in  water,  or  ice  (Marcns,  1864;  Noe,  1870; 
Claniond,  Gnelfherl. 

23S.  Peltier*  Effect.— Peltier  found,  in  1834,  thatagulviiuic 
cuRent,  transmitted  through  a  thermo  element,  produces  at 
the  junction  a  change  of  toui[)eratnre  opposite  to  that  req^uired 
to  develop  a  thermal  current  in  the  Mune  direction.  If,  ftir 
instanoe,  the  current  posses  from  bismuth  to  antimony,  the 
junction  cools.     It  rises  in  tem{K>raturo  also  when  the  current 
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puses  Crom  antimony  to  bismiith.  This  heat,  devel<)[)e<l  at 
the  junction  in  the  former  case,  Rnil  ponsameil  in  the  latter,  is 
called  Peliit-r^f  beat,  to  distinguish  it  from  the  heat  dm;  to 
ordinary  current  How.  The  latter,  uiufw  it  follon'H  Joiilo'tt  law, 
is  <-«lled  Joules  heat.  White  Joulo'e  hmt  is  proportioiud  to 
the  square  of  the  current-strength,  Peltier's  heat  U  proportional 
I*)  the  first  power  of  the  current-strength.  The  former  does 
not  depenrl  u]>(>n  the  direction  of  the  current,  but  the  tatter  is 
positive  (heating)  or  negative  (ccHiling^  according  as  the  current 
flows  in  tho  one  dirctrtioii  or  in  thi-  other. 

Peltier's  offtict  may  also  he  proved  directly  by  the  followiug 
©xporiment.  Through  the  )j:lass  bulb  of  a  differential  air- 
thortnometer  jMLsse^i  a  bar  of  antimony  to  both  sides  of  which 
&  bismuth  Inr  is  soMered.  so  that  the  junctions  are  at  th& 
centre  of  the  bulb,  Wieu  a  rurrtint  is  sent  through  the  com- 
posite bar  the  Joiilo'^  heat  develojWHl  in  both  bulbs  in  the 
ime  quantity  is  augmented  by  Peltier's  huat  in  the  one  bulb 
and  diminished  by  lui  equal  umouot  in  the  other.  The  liquid  in 
the  U-shaped  glius  tulte  connecting  the  bulbs  must  therefore 
sink  in  the  former  bulb  und  rise  equally  in  the  latter.  Lenz 
filled  a  small  hole  made  in  the  bar  of  bismuth  and  antimony 
near  the  junction  with  water  and  c^ed  the  bar  with  ico  to  0^ 
When  a  current  was  then  passed  through  the  junction  from 
the  bismuth  to  the  antimony,  the  water  froze  in  a  few  moments. 
Peltier's  cross  fnniishes  an  indi- 
rect demonstration  of  this  same 
affect.  This  crass  consists  of  a  liar 
of  bismuth  »oldorod   to  another 

antimony,  ta  shown  in  Fig, 
32.  If  the  current  of  a  galvanic 
element  pa.';ses  through  the  one 
pair  of  miss-arms  from  bismuth  to  antimony,  after  remoring 
the  element,  u  galvauumctcr  iii!<erted  in  circuit  with  the  other 
arm»  iadtcatoti  a  thermal  current  from  antimony  to  bisninth. 
and  consequently  also  a  cooling  at  the  junction  corresponding 
to  this  current. 

Any  current  flowing  through  a  thermo  element  as  also  the 
thermal  current  itself,  by  cooling  the  wanner  junction  and 
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hcntiug  ibe  cooler,  produces  a  thermal  oiinont  of  oppoait« 
dlKction,  which  weakens  tlie  original  current,  or  Pellier's 
effect  oausos  on  dectroiuotive  reaction  similar  to  that  produced 
by  the  chemical  effoet  in  a  galvauic  element.  This  ha^  already 
been  referred  lo  as  tlie  retaetioii  due  t*)  iMilarizatiou.  During  this 
process  heat  is  continually  transferred  fnini  the  warmer  to  the 
cooler  junction,  and  in  order  that  a  thermal  current  of  nniform 
int«naity  mar  exist,  the  one  junction  must  be  kept  constantly 
at  a  higher  temperature  by  the  ccfntlnnal  addition  of  heel,  and 
the  othoT  at  a  iowei  temperature  by  a  continual  oxtracliuu  of 
heat.  The  dUTorenee  of  these  cjuantities  is  trensformod  into 
work,  and  appear:^  throughout  the  entire  circuit  as  Joule's  heal. 
The  pro]toftitimi  tliat  when  heat  ii  transformpd  into  work,  a 
roTTottjiondin^  quantity  of  boat  paasos  from  a  wanner  to  a 
oooloT  body  is  again  continued  by  this  phenomenon. 

Tho  tilKher  lieatiiii;  of  t!ie  txisltive  orbon  of  tha  voltatr  arc-IIgbt  Ib 
explained  W  Peltier's  olTecl  (Wild).  From  thii  carbon  an  electromotiTe 
leactioD  (Edliind,  1809)  of  3&  to  40  rolls  ariacs  wliicli  workti  against  Uie 
original  cuttcdI.  In  order  itiat  tlie  arc  mniutain  ttoulf  contitinrninl)'.  aa 
dcctrical  aourcv  iddbI  In  np|>liud  vrhich  will  msiutAin  a  jjotciitial  diiTi-tnnoe 
at  tlu-  rnrboii  pnints  of  at  Icnet  40  vulie. 

S39.  Eleotro-magnetB  —  Suun  after  Ooistod'a  discoverr  uf  the 

doOcction  of  the  magnetic  needle,  Arago  {18*20)  olwerved  that 
Iho  copper  closing  wire  of  a  galvanic  Iiattery  b«'omes  covered 
with  iron-tilings  when  dipjieil  into  them,  but  that  the  filings 
fall  oiT  immediately  when  the  current  is  broken.  Iron  \mx* 
become  magnetic  in  tho  neighbourhood  of  a  current,  so  long- 
as  the  current  contiuuctt  to  flow  across  them,  and  steel  needlea 
become  permanently  magnetic.  A  far  more  powerfnl  effect  i£ 
obtaitiRl  when  a  nipper  wire,  covered  with  silk,  wool,  or  othor 
insulating  siibstaiiee,  is  wound  about  a  loar  of  soft  iron  .several 
timfs  (Sturgeon,  1835),  and  a  current  is  passed  through  the 
coils.  The  iron  bar  is  in.'^tantly  converter!  into  a  strong 
maguet  capable  of  attracting  and  iioldin;;  other  pieoea  of 
iron,  it  loaea  its  magnetism,  however,  ahnost  completely 
when  tho  current  is  broken.  tSach  an  iron  core  sumnnded 
by  coils  of  wire,  which  may  be  magnetized  and  Jenmgiieti/ed 
at  will  by  closing   and    opening   the  current,   is   called    an 
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Instead  of  winding  the  wire  immediHtely  ujion  the  iron  uore. 
it  ia  more  <*onremeDt  to  wind  it  about  a  sp<^>ol,  forming  what  is 

j^«aLled  a  magttetizinij,  or  induction,  coil  ( Fig.  'it>3).  into  the  hollow 
>f  which  the  iron  core  may  be  inserted.   To  make  bt^th  pole^  lie 

libeside   and    mutually  Btreng:thcn 

other,  the  electro-magnet  is 

letitnos  given  the  form  of  a  horse* 

fcsfaoe  (ale.  Fig.  2(H),  about  whose 
brancheBthecoilsaandcare  wound. 
For  the  purpose  of  testing  the  8Up- 

i«|>orting-power  of  the  magnet,  an  nrmafut^,  tU,  connecting  the 
poles  and  "  closing  "  the  magnet,  is  made  to  support  a  scatO'pan 
for  the  reception  of  weights.     Much  more  powerfnl  forces  may 
beobtained  bymeans  of  electro-ma  nonets  than 
are  possible  with  steel  magnets.    Steel  bars        ,       ^;^      „ 

'inserted  into  the  coil  become  alao  strongly 

^nagnetic,  but  maintain  a  considerable 
portiou  *if  their  magnelisni  after  the  current 
is  broken.  Periuanent  luagnetH  may  also 
be  obtained  in  this  way.  Tb(^  bent  methiKl 
of  preparing  strong  Btcol  magnet.s  i.i  by 
stroking  unv-half  uf  the  steel  bar  from  the 

■  middle  over  the  north  pole  ten  or  twenty 
times,  and  the  utber  half  lite  uame  number 
of  times  over  the  south  {>«>le  of  a  powerful 
electru-maguet.  The  former  end  thus  be* 
comes  a  south  pole,  and  the  latter  a  north 
pole. 

The  magnetic  effect  of  the  current  is  explained  upon  the 
idea  (201)  already  presented,  that  the  molecules  of  the  uii- 
inaguetized  iron  and  steel  are  tittle  magnets  movable  about 
their  centres  of  gravity,  which,  however,  being  irregularly 
disposed,  exert  no  external  eil'ect.  By  means  of  the  current  in 
the  coil,  the  little  magnets  are  turned,  according  to  Ampere's 
rtile,  60  that  their  ax«'<i  lie  perpend icularly  to  the  plane  of  the 
coils,  ur  iMtallel  to  the  axis  of  the  iron  bar,  in  such  manner 
that  their  north  poles  lie  towanl  the  left  of  the  dgnre  swimming 
in  the  current,  and  facing  the  iron  core.    A  portion  or  all  of 


Fu.  20i.— Honvshoe 
ElcRtro-miigiiet 
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these  molecular  maj^iiets  having  become  thus  arrangeil,  the  b«r 
becomes  d  magnet  uitli  its  uorCb  polo  towArd  the  left  of  tbo 
Amp^nttu  nw'imiuor,  or,  what  is  the  some  thlog,  with  its  soath 
pole  toward  that  eud  from  which  the  ciurent  appears  to  flow  in 
the  opposite  dirertion  to  the  hariiLs  of  the 
//si!iiib\\        /VworthN*]  watch  (Fig.  liUft).     This  process  may  bo 
U  pdir^        U  pji*^  rendered  vlearer  by  tneaoH  of  a  series  of 
_     „,,     _.     ..      ,    small  magtiels  turniugabtjut  their  centres, 
Ctu»at  ftt  the  Poles,      u'hieh  carry  pa[»er  (hum  witb  lue  halves 
reprcseutiug    the   north    polos   coloured 
black,  and  which  are  visible  through  the  coila  of  ait  envelop- 
ing spiral  (Fig.  20G).    Irregularly  disposed  at  the  Wginning, 
they  arrange  themHelves  upon  the  poasage  of  a  current  throngh 
tlie  Kjiiral,  with  the   blackeaed  semi*circle8   toward  one  aide. 


\i..i 


MuguL 


and  are  reverserl  when  the  current  is  sent  in  the  opposite 
directioD. 

The  highest  degree  of  magaetization,  or  "saturation,"  is 
rectcbed,  when  all  the  molecular  magnets  have  the  same  direc- 
tion. On  gradually  increasing  the  current  strength,  magneti- 
zation incrcasp-s  at  tirat  ttlmoHt  proportionally  to  the  streugth, 
but  on  apprcHching  saturation,  the  increase  becomes  slower  and 
slower.  When  the  latter  condition  is  reached,  no  current- 
strength  ran  i-arry  the  magnetization  further. 

At  the  moment  of  mBgnetiKalioD.  the  bar  of  iron  suffers  a 
alight  elongation,  an<l  gives  out  a  perceptible  sound.  Its 
TOlnme,  however,  remains  unchanged. 

When  the  proceesea  of  magnetization  and  demagnetisation 
ore  repeated  in  rapid  siicce!i»ion,  the  bar  becnuieK  lieateil, 
because  the  eoervive/orct  (134)  acts  as  internal  I'rictiou. 

240.  Solenoida. — Under  the  action  of  a  circular  cuneut,  a 
raagnotic  ncedlCi  even  when  its  point  of  rotation  does  not  lie 
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Fill.  207.— OiKioUr 
CiUr«Dt. 


At  *he  centre  of  the  circle  (as  with  the  tangent  galvww* 
meter),  hut  anywhere  iipou  a  8traiEht  liue  )>erpcn(]icular  (o 
the  plane  of  the  circle  at  its  middle  point  (axis  uf  the  i-irculor 
current),  is  always  ileflected  aowrdiiig  U\  Ampere's  rule,  so  that 
its  south  \\o\b  turns  loward  the  end  from  whiidi  the  current 
appears  u»  cireulat*  in  the  direction  of  the  hands  of  a  watch. 
The  neeiile  asaunies  n  position  parailel  to  this  line,  and  coq- 
seqiieutly  pori>endicul6r  to  the  current,  in  case  the  influence  of 
the  earth's  nia^etism  has  been  eliminated  (Fi^'.  *JU7).  The 
circular  current  acts,  therefore,  U[»un  the  needle  like  a  short 
bar  magnet..  lyiuK  ut  the  (*nlre  of  the 
needle  and  [terpendicuhir  to  the  plane  of 
the  circle,  the  bar  having  its  south  pole 
toward  the  side  whence  thi*  rmrrent  ap- 
pears to  flow  clockwise.  In  other  words, 
the  circular  current  behaves  with  respect 
to  B  magnet,  as  tlumgli  its  plane  were 
south-in  acetic  npuu  thu  cl«>ekwi2ie  side 
and  north-magnetic  uptm  the  coiiutor-clockvrise  side  of  a 
doubly  magnetic  surface. 

The  effect  of  a  magnetic  needle  ia  intenaifled  by  platnng  a 
uumbei  of  circular  currents,  flowing  in  the  same  serine,  with 
tlioir  eontrcs  upon  »  common  »xis.  Such  an  nrrsugenient, 
t-alled  by  Ampere  u  '■  solenoid "  (from  at*i\>tv,  tube),  hoa  the 
same  effect  as  a  series  of  smalt  magucta,  with  like  pides  all 
turned  in  the  same  direction.  It  comi>orts  itself,  therefore,  as  a 
magnet  with  its  south  [xde  at  llio  (■iorkwise  end. 

A  solenoid  ii;  very  approximately  realixeil  in  a  single 
Dpirally-coiled  wire  <Fig3.  203  and  208).  A  movaUe  magnetic 
hat  is  repelled,  or  uttracted,  by  n  pole  of 
the  solenoid,  according  as  the  approached 
sles  are  like,  or  unlike.  In  (he  latter 
the  magnet  is  draivn  into  the  coil 
until  its  centre  coincides  with  that  of  the 
«olenoi<l,  and  with  a  force  which  is  pro- 
portional both  to  the  intensity  of  the 
magnetism  and  to  the  currcnt-atrcugth. 
under  the  induenco  of  the  solenoid  becomes  an  electio-magoet, 

2  c 
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whose  uearer  pole  is  unlike  that  of  the  soleiioi'l,  and  is  therefore 
always  attrorteil  into  it.  Since  in  an  elertm-majii"'*.  ''"^  '"" 
teiisity  (if  nia(^ioti/niion  for  woiik  nirmnts  Is  proptirtiouai  to  the 
tiurrent-stiengtli,  tho  force  with  which  the  ixon  is  drawn  into 
the  coil  is  jtrnportionftl  to  the  square  of  the  current -strencth. 

With  n  ftxeil  magiutt  hhiI  h  niovRble  conductor,  the  latter 
would  1)6  set  in  luotiuu  by  ircasou  of  tlie  equality  of  sctiun  and 
uf  roaotiou.  Under  tho  iufliieuco  of  the  earth,  aciriuihir  rurront. 
or  a  coil  of  wire,  with  movable  fluaiicnsion.  assumes  a  ijoaitiou 
such  that  the  axis  lies  iu  the  magnetic  niondian,  tbo  clockwise 
side  tumiuf^  an  a-s  Ui  face  the  ooiith.  Siieh  currents  oonntort 
themaelvot  when  under  maguetic  Influence  precisely  as  tbiiiif;b 
they  were  magnets. 

Amp&Te's  stand  (Fig.  ^U*J|  offers  a  ready  means  of  obtain- 
ing a  movable  eusijcneion  for  conductors.  Tbe  two  brass 
coituunB,  V  aud  t,  staudiug  upon  the  base)>oan],  A,  are  l»eui  near 
their  upper  ends  at  right  angles,  and  they  carry  at  tlieir  ends 
auiall  steel  cups,  y  aud  f/,  iillcd  with  mercury,  the  former  lyiuR 


?^^^ 
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just  above  the  latter.  Thn  conductor,  whieli  is  a  wire,  ede, 
eurt'od  to  the  form  of  a  rectangle  (or  the  circular  eurr«u1. 
Fig.  210,  fir  tho  adenoid.  Fig.  '208)  of  copper, 
or,  still  better,  of  aluminium,  is  suspeudod  by 
means  of  steel  points  soldered  to  its  ends,  iu 
(he  mercurial  cup!),  Hiid  in  tbuu  easily  movable 
abiuit  an  axis  througb  the  ]x)ints. 

S41.  Kagnetio    Field  about   a   Gnrrent — 
Every  current  pnHhutHi  a  magnetic  field  about 
its  path.     .\  lung,  rectilinear  current  rising 
perpendicularly  to  the  plane  of  tUc  drawing  (Fig.  211)  from 
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its  middle  point,  according  to  Ampere's  rule  would  ptai?e 
n  small  movable  magnetic  neetlle,  freed  from  tho  earth's 
influen<;e,  ovorywliero  jwqwmiii-iilarlj-  ti»  tlie  plane  determined 
by  the  (nmilurtor  uml  tlic  cciitiv  id'  tlto  needle.  Tlie  positiou  uf 
the  astatic  nocdlo  would  always  bo  such  that  it«  north  pole  would 
point  toward  ilio  left  of  the  obsener  swimming  in  the  cttirent. 
A  large  number  of  small  ma^netii!  needles,  situated  at  the 
BBme  distsnce  from  the  cooduetur,  would  nnsanie  poaitiouB 
along  the  ciivumforon(H3  of  a  circle  uhout  th(.>  conductor.  Thix 
rircuniference  niti  then  roptcseut  a  line  uf  fon^e  of  the  Held 
due  to  the  current.  Such  lines  of  fon%  surruuuding  the  con- 
ductor in  coticentrio  rings  Ueirume  B|>iiarent  on  passiiifi  the 
wire  porpendiciilnrly  thrcmgh  a  card  ujion  w  hose  siirfooe  iron- 
filings  have  l^eeu  Hpriiiided.  Under  the 
influence  of  llio  current  the  filiufri*  Btt-  i*r>u-  ft 

verted    into    littlo  elect ri>-iiiaf;not»,    which  , — J~ — y 

arrange  tliemticlves    in    continuous    ringn      /   ^^J  / 
about  the  wire  (Fig.  212).    ITie  above-men-  ^^ 

tianed  {'£M))  exi)erim©nt  of  Arago  depends  I 

•  uptin  the  faft  ihat  the  magnotir^i  iron-  ^l^^  ^jj  _)(,— „ue 
filings  about  the  immersed  terminal  an'ange  Udm  d!  Poroa  aliout 
themselves  thus  in  closed  rings.  The  e^ini-  «B<'rtllt»«"Oum'>'- 
potential  surfaees  correspiindinp  tu  llies©  circular  linea  of  force 
are  planes  passing  through  the  reotilinear  conductor. 

Figs.  '21^  and  211  show  in  the  same  nay,  by  means  of  iron- 
tilings,  the  lines  of  force  of  a  circular  current  and  of  a  iudenuid. 


Fiu.  Ul»L~Lliini  of  Forae  nboat 
ft  Cinalar  CuncDL 


FtO.  214.— UMtoT  FttiM  vt 


The  similarity  of  the  magnetic  field  of  a  solenoid  to  that  of 
a  magnetic  bar  is  worthy  of  note. 
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TlM  afaiilotllitiAl  ItDM  ^233)  of  a  pl^te  travened  by  a  curreot  ve  ai  tfav 
Mftme  Uins  ui»  magnetic  lirie«  of  force  due  to  cnrrenl-flow.  These  «<]ni- 
jii>u-ntutl  lines  luoy  Ui«r<'fiiiv  lie  iniuto  visible  by  siftiijg  iron-filings  npon  thp 

242.  Eleotro-Ha^etic  Rotation. — ^V'1len  a  linear  current  wLt 
ujKm  ft  single  magnetic  jiule,  the  Uttor  must  rcToIro  about  the 
conductor  alimg  u  line  of  fittcc,  in  a  AeaU^roreuni,  or  a  w'niVrw- 
fum.  <iire«tion  (to  an  iil>s©n*er  swimming  with  tlio  cnrrent  and 
facing  the  pole),  acconling  as  this  pole  \s  north,  nrHoiith.  This 
raay  be  shown  by  the  aii|iaraluK  of  Fig.  Slii.  Two  pHrBllel, 
vertical  magnets  us  and  nW  with  like  pules  Jirwtol  nj>«ar(l, 
are  held  by  a  croes-liar  to  a  piece  of  brass,  d,  which  is  Hiis[«n(Ied 
by  a  delicate  fibre  attached  to  its  upper  end,  while  its  lower 


-v,;:_j.  - 


Fjo.  215.— BoUtinn  uF  ■  Mnguet 
ftboQt  B  Cnrrent. 


t'la.  2tC.— ftotolion  ofCnrrcDi 
alxiut  %  Haguet 


end  dips,  by  means  of  a  platinum  puint.  into  the  mercnry-cup. 
h.  The  cup  is  burne  on  the  tup  of  a  motdllic  bar,  a6,  which 
coudiicta  the  current  from  «.  A  horizontal  wire,  c,  with  a 
pintiniim  point  I(ent  downward,  conducts  (ho  current  into 
the  circular  l«siu  of  mercury,  whence  it  returns,  through  a  wire, 
%,  by  way  of  the  other  i»ole,  g,  of  the  cnrrent-sonrce.  The  current 
flowing  in  the  little  metallic  column,  which  exerts  almost  its 
entire  eHect  upon  the  lower  and  nearer  magnetic  pule,  put»  the 
magnet  in  continnons  rotation  in  a  direction  opposite  to  thai 
of  the  current. 

In    oonse«pien<«   uf    the   effect    of   reaction    a   movable 
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coiidiwtop,  sueh  as  the  beut  metallic  rod  (Kip.  '^IQ), free  to  turn 
about  itK  point  of  supiiort  which  dipii  intua  steel  luorcutial  cup 
vrbile  its  ends  project  downward  into  a  circular  trough  of  mer- 
cury, must  also  rotate  under  the  inlluence  of  a  tixed  ma^iet, 
whUe  the  cup  is  connected  with  one  pole  and  the  trough 
with  the  other  polo  of  b  source  of  ourreot 

A  Dexible  metallic  cable,  or  ribbon  which  hangti  limp 
l>e9ide  a  vertieal  bar-niaguet,  when  traversed  by  a  current 
begins  tu  relate  and  finally  winds  itself  In  a  spiral  aljout  the 
magnet.  Wben  the  current  is  reverbed.  it  iniwindsand  rewinds 
in  tbe  opposite  directioD. 

Barlow's  wheel  (FiR.  217),  n  copper  disk  meraWe  aboat  a 
lioriz4»ntaI  axis,  and  provided 
with  slender  teeth  dipping 
into  a  trough  of  mercurj', 
rotates  io  one  direction  or 
tbe  other  niiderthe  influence 
I  if  a  mjLgnetic  {nde  brought 
near  the  trough,  apcordinj; 
as  the  current  ftuua  from 
the  axis  tonurd  the  trough, 
«r  in  the  reverse  direttion. 

In  tlieee  experiments,  the 
eaergy  of  motion  is  attained  at  the  expense  of  the  energy  of  ciir- 
rent-flow.  When  the  movable  part  of  the  ap|«rBtua  in  fixed,  tlie 
entile  energy  of  flow  is  transformed  into  Joule's  heat,  ^^'hen, 
however,  it  is  allowed  tumore.  the  heat  developed  in  a  conductor 
is  diminished  by  an  amount  equal  to  the  energy  produced. 

243.  Law  of  Biot-Savart. — The  force  exerted  by  a  linear  oou- 
dactoi  upuu  a  mii^'uetio  pole  per[>ondieuIarly  to  tbe  plane  pass- 
ing through  the  current  and  the  polo,  must  obviously  diminish 
with  the  distance  of  the  polo  from  the  con- 
iluctor.  Let  us  consider  now  a  very  hmg  rec- 
tilinear current  flowing  vertically  upwanls. 
piercing  tbe  horizontal  plane  of  the  drawing 
(Fig.  21 S)  at  the  point  A,  and  u  magnetic  needle, 
n«,  lying  in  this  plane  and  directed  toward  A, 
the  needle  being  attached  to  a  lever-arm.  Am,  movable  about  A. 


^^^-^-i 
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Tbc  ctUTcnt  ftcU  upon  the  pole^  h  and  «,  with  the  foroee./(U)tI 
/*,  respectively,  t^-nHing  tn  rtitate  t  he  lever  in  opp<wite  directions. 
Since  no  rotation  oeenrs,  hon^iever  sensitive  the  lever  and  how- 
■oerer  greet  the  current -strength  !«  mwle,  the  momeDta  of 
rotution  miist  be  oppositely  eajiul.  If.  thuu,  the  distances  of 
the  polrs  from  the  conductor,  i^.  the  lovur-armti.  An  and  As.  are 
denoted  by  r  and  ype«pectivelT,wemti3t  h«ve/r  =?/"/,  or  what 
is  the  same  thing,  f  :  f  '.  •.•r':T,  le.  Oie  force  everted  by  a 
ourrent  upon  the  fole  of  a  mat^nvt  ia  inveraeiy  proportioned  to 
the  dittaiue  of  the  iatterfrom  the  condvetor. 

Thiji  law  was  discovorud  by  Biot  and  Savart  (182*)).  who 
confiimcd  it  ex ]wtimcn tally  by  means  of  the  peudtUtuu-Uke 
vibmtions  of  short  horixont-eJ  magnetic  needles  freed  from  the 
eArth*K  mngnetixing  ellWt,  iiixler  the  intluenru  of  long  vertical 
currt<ut«.  Fmni  the  ex|ieriniei)ts  it  was  loiuiU.  that  tli«  iqiutre  of 
the  ntmber  of  v^ationn,  and  L-oaser|ucDtly,  aUo,  the  aecderaUng 
forcfg.are  invcr*d»^ proportional  lo  the disiaaoes  from  tJuiourreni. 
It  WM  liirthormoie  found  that  Me  for^  it  proportional  directly 
iQ  the  evrrent-ttreayth,  and  to  the  strength  of  tka  magnetic  poU, 

M«.  CiUT«nt-Zl«mnita. — A  liiifflr  cuii<tiKtnr  may  ba  oomceived  of  a» 
iabdivided  into  an  iudutiniutly  Inrgi^  nuiutwr  of  uiMlI  partx,  or  "  oamnt- 
elflDOnti,"  and  it  mny  bo  rurtlti^miore  iimujincil  that  the  sflVit  of  a  eiurenl 
twon  a  nuffnotic  pole  in  cuinpouiided  of  Uie  elT«cUi  oi  all  thuMO  cnrrmt- 
BTemonta.  In  order  tlint  BEot-»aTart'a  law  m&y  tj'TiIy  to  a  long  rcctiliMar 
conductoir,  it  mtuit  W  aKumed  that  the  force  exerted  by  a  currcDt-elcmftnt  4( 
lentil,  a,  haring  a  onmnt -strength,  <,  iiiwn  a  ntagnetia  f^ole  of  strcn^,  n,  {g 

[iropurtiotinl  to  tho  txprootion  (L«|)lMc}.         .       ,  or  vrilh  a  propur  chotee  of 

the  iinii  of  ciiiTL-nl-Ktnmiitli,  thnt  the  force  efniali  this  cxiwcmIoh,  wlwre  r 

(lonol«a  u>o  length  of  Haa  line  conjieei- 
r  iiic  the  current-el eincnt  wiUi  the  poir 

ami  a,  the  alible  uf  llie  cuirent-demeiil 
wilh  this  line, 

//      p     I  """^^^^  '#~li'  MS.  Compotatloji  of  tho  Eff«cC «(  • 

i  I  ^^">^     1/       CueaUiCarrenC  oponalCaKQalio  Pole.— 

;^-J^  h;t  Fiir.  '219  re|irewnC  in  ptrviioctivi' 
'  A  vircoiiir  currtinl  uf  ndinii,  It,  and 
iiiteiiHity,  I'.tictiiu;  iiimii  n  tnsinictJC  polo 
ni  siirerigth,  ni,  lyuig  urion  llic  p<erpeii- 
•licular  ereoled  to  the  nliuie  of  ilie  otrele 
lit  ia  miiliUe  poinL  Let^  denote  the 
distnticu  of  m  fnmi  tho  raiddlo  point, 
and  r  il«  distiuiog  from  the  tlomont  «, 


Pio.  219.— Effucl  nf  a  ClrcuUr 
CiuTont  on  n  UiLgiiolic  I'olu. 


(if  the  onmnt.    The  forcu  /  «xcr1ed  b;  tlK  ciimnit-elenient  ir,  upon  m,  in 
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iIireot«d  perpoadicularlr  lo  tJie  [iliuiv  lliraiigh  a  aiid  m,  and  thcreforo.  olao 
1<eqwDdiciilaVly  to  r.  KiiiM  <r  i»  iieqiendicuUr  to  r*  and  accordingly  «  =  W 
(sin  a  =  I),  we  hare — 


The  foroo  ^  nay  be  r<'s.ilvc<l  tiit«  tbo  Coni|%onciit):  3  nnd  h,  t))a  former 
aloitg  tlie  line  a,  ana  Ihc  lutter  [^rpeiuliGalttr  to  it.  The  latUr  it  iltxtroyed 
r  an  equal  uno  o]>posit«  component,  ariMng  ftom  tbA  diAmetricftlly  oppoiito 
iTreDt-elem«iit, le&ring  thaoomponeutyaloDe«irectiTe.  Sinoes:/=  11  :  f, 
lliwe  res«l«— 

.    It        IMiH 

Tlie  total  fore*.  K,  exerted  by  the  eutira  correot  upon  m,  in  tho  direction 
of  (/.  w  till)  Kutn  of  all  th«  comjKiueuta,  9,  arising  from  all  the  «lemon1f>  of 
tho  drciiiDfmciiir,  and  r«placiDg  a  hj  (lie  ontiro  cii<.'umfereac«  'J«It  in  llm 
P'ncprendoii  for  y,  w  obtain — 

or,  unee  ^V?  =  F,  th*  ftrea  of  the  circle,  tliis  become*— 

It  has  alrcadf  (U7)  been  iinmA  that  tho  forca,  K,  «i«tt«il  hf  a  itbort 

bar  magnet  of  moment.  A[,  upon  a  inagoetic  polu,  m,  Wing  in  itsfralongation 

SiutM 
ut  ttic  rulativol)'  grc«t  iliitaun;  r,  is  given  by  K  =  ~  J  -     By  compariiig  tb<,- 

laitcc  two  esprcs&ioiis,  it  h  Rcen  lliat.  tbe  cITect  of  a  circular  current  nnon  a 
magnetic  polo  may  be  replari^d  by  llie  effect  of  a  ihotrt  magnetic  bar  placwl 
.poipondiciilarly  llirou^h  the  plane  of  tlie  circle,  and  that  its  roajrnetic  moment 
I  vqiiBlB  tin  [wodacl  of  tho  inlenBity  hy  the  aiea  of  the  suiface  circuilwl  by  the 
cuttenl. 

248.  Abiolute  Electro- Magnetic  tToit  of  Current-Strength.— 
lu  rofereiico  to  tlio  laws  of  the  ma|;notic  effect  of  curn?tits. 
W.  Weber  (IM'J)  sclecleti,  as  tlie  absolute  unit  of  current- 
atrength,  that  current  which,  Howing  around  the  unit  of  snifaoo 
(1  cm.*),  produces  the  unit  of  magnetic  mnmeat,  tir,  ulial 
amounts  to  the  eamo  thui;;,  that  curront  ffbicb,  flowing  in  a 
t;irelo  of  radius  1  (1  cm.)  through  the  arc  of  length  I  (1  cm.), 
exerts  upon  the  unit  nf  lungnetism  lor  of  ]K)le-streiigth»  at  the 
ceutre  uf  the  circle  the  lorce  1  (1  dyne),  or  producer  at  tlii^ 
centre  the  l]ctilMat«risity  1. 

For  nivaatiremenia  acconlint;  to  thU  alniolute  stAnilard,  the  langeiil 
(pihranoinetAr  (218)  may  bo  uied  When,  aa  la  tlw  ca«e  with  tbh 
inrtrument,  the  ou^etic  needJe  is  rviy  unall  in  compariBon  with  the  radin 
of  die  circolar  oircvut,  the  poles  remain  dming  defioctioD  almon  at  tbe  centre 
of  the  dicle,  and  the  force  exertod  l>y  the  current  upon  a  polo  is  found  from 


sxrEni3it:sTAi  physics. 


iIm  roregoitig  rrjiaAliuu,  1>y  putting  r  =  it,  lu  1m  K  = 


.    ir,  furtlieniion^' 

H   deHignateR  llic  Iioniontal  intoiiHity  o{  toiTt«trtaI  mngnetisiti,  th«  force 
mcdng  at  the  mogDOtic  pole  parallel  to  tliv  mitgnetEu  moridiun  is  iCm.     If  now 

tlw  needle  ig  in  cfjirilibninn  at  the  ddScctioii  >.  '  .^    coa  «  =  Ilm  *Ju  «, 

nr,  (  =  ^  ton  B.    Tlic  rcilucHon  &ctor  of  tbe  tangent  ^Tanometer  ibr 

H  R 
Rbaolnts  in«asuns  h  nocorditigly  ^ ,  aiid  l»  obtain  it,  Uiu  horixonUl  intenMity 

of  t«rr««trial  magnetism  (in  kbooluttt  uuila)  at  the  [>koo  of  uliiKrvatiuu,  ami 
the  rAdios  «f  t]i«  circle  (in  cm.)  munt  W  mcfteared. 

For  laotit  proctii^l  nppli<;ut.iou(!,  Iiowovcr,  tho  alMoluto  aiitt 
of  current  is  too  f»reat.  Th«  Electrical  Cou^eas  convcuod  at 
Paris  in  1881,  thoroforc,  s«tectoil  the  tenth  part  ni  this  unit  as 
apiBirtii-al  .stamUrd  for  current  measnrements.  and  called  it  tho 
"  Ampere,"  althongh  historical  justice  woulri  have  required  the 
iiuw  unit  ti>  In  namcHl  For  VV^elxir,  tlie  un^inntor  of  tliu  lucthudK 
of  aln<4iluto  uic-osuremeut  of  clei'trinil  ijuaiititioK. 

847.  Heotromognetic  Telegrtphy.^Tho  magnetic  offocta  of 
A  galvanic  (^irrcnt,  as  also  tlic  detleutiou  uf  tho  magnetic  noodle 
and  the  magnetization  of  soft  iron,  tiiid  an  imjmrtant  application 
in  tbe  rapid  transmission  of  signals  and  characters  through 
long  Jist»nc«3  (telegraphy).  NeeJle'tsIc^rapks  dejiond  upon 
the  deflection  of  tho  luo^ivtic  needle.  By  nciidin^  to  a  romote 
station  a  current,  which  thoro  circuits  a  movable  ms^etic 
needle  through  several  coilft  of  wire,  with  a  snitahle  device 
for  reversing  tbe  direction  of  the  enrrent,  the  neeclle  may  bo 
defected  nt  will  toward  the  right,  or  lefL  Fnmi  tiiese  two 
ilosignationn,  " right "  and  " lefi"  a  tset  of  couventional  ai^als 
representing  all  the  letters  of  the  alphabot,  or  other  HyniboU, 
is  formed.  The  first  electromagnetic  teiegraidi  of  this  kind 
waa  conBtnict«d  by  ftauit  and  Weber  (183^*  between  tbe 
Observatory  and  the  PKyMical  Institute  at  Gottingeu.  With 
subterranean  tclogrupUit:  cables,  also,  tho  transmission  of 
ngnaKi  i»  made  by  means  of  tbe  dedectiou  of  the  magnet  of  a 
very  sensitive  iiiirror  galvanometer,  tho  magnet  being  suspended 
within  a  cuii  of  wire. 

Other  electromagnetic  telegraphs  are  Ijssed  upon  tbe 
application  of  eleclroiuagnets.     As  au  example  of  this  furm  of 
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iostrumeDt,  the  reeorder  of  Morse  (1837),  still  in  use  u)h>ii 
many  telegraphic  lines  upon  the  European  coutineut,  may  be 
-cited.  In  l''ig.  220,  AA  ere  llie  two  sp(h)l3  of  lui  I'lectro- 
nagnet  abitve  whuse  p^les  \\m  the  imn  annttture,  a,  Ixtrue 
hy  the  lira^x  lever,  ec.  The  other  ewl  of  the  lever  (surieH  k 
rtteul  stylus,  4,  which,  whea  tlio  armature  is  attracted  hy  the 
um^uet,  presses  agaiJist  the  (mper  strip.  Ui,  as  it  slowly  un- 
wraps from  the  toller,  ii.  The  strip  of  paper  is  drann  along 
with    uniform    velocity  between    two  HUiall   rollers  by  meaoH 


'D 


-O- 


Fid.  220.— MursH'a  Renmler. 

bf  dock-wort.  That  tlio  \m\«:i  may  raKiTo  imprcasinns 
.firom  the  point,  the  up{)or  roller,  e,  is  providcil  with  a  shallow 
>Te.  W'hon  the  lover  descends,  its  right  end  strikes  against 
ihs  flciew,  ^,  to  prevent  the  amiaturo  from  coming  in  contact 
with  the  pole  of  the  magnet  and  adhering  to  it.  When  ibe 
inaguetism  disappears  on  breaking  the  circuit,  the  spring,/, 
atiting  on  the  arm,  h,  of  the  lever,  cc,  draws  the  point,  d,  again 
downward.  The  arm,  C,  \a  used  to  nind  the  clock,  and  tbe 
crauk,  i,  to  release  and  stop  it.  To  close  and  open  the  circuit, 
-9,Mgn<d  i^y(Fig.  '2'21)i8  uso(L   It  consists  of  a  brass  lerer,  £D, 
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movable  about  the  brass  aujtports,  BO,  scrowod  to  the  woo<len 
haae,  AA.  This  support  is  eonnected  with  the  tfilegrajih  wire 
leading  to  Ihe  next  station,  while  tlie  inetHl  jnUar,  a,  is  wm- 
nectetl  with  one  pole  of  Ihe  Lattery.     While  at  rest,  the  jwini, 

V,  is  pressed  by  tho  ^p^iug. 

rt ^  «',(vgainst  the  metal  rone, 

ti,  and  l>eln'eeii  a  and  a' 
i-niititt't  is  then  broken. 
11',  IiDwc^rcr.  tho  pillarii. 
(I  mill  «',  arc  bn>iigbt  in 
contact  by  pressing  upon 
the  button,  F,  the  eiirrent 


L 


^  _r  tiC-1 


Fw.'jai.— Ki^>   -f  M  If'.  Tdc^wpli. 


llovrs  along  the  path,  ofl'13C,  through  the  cwmliiotiiig-wire  around 
the  elertromagnet  at  the  other  atation.  and  presses  the  pjint 
against  the  (Mipor  strip  drawn  along  by  the  clock  proiluoiog 
a  depressed  point,  or  line,  according  as  the  key  was  pressed 
down  hut  for  an  instant,  or  for  a  considerable  time.  From 
these  dots  and  dashes  the  eaitire  alphabet  is  oonstruoted.  The 
Morse  signal  emit'  introdut-ed  and  now  in  ukb  in  Geriwmy  i« 
the  fnlUming; — 

a      .-  It     -•-  fl     ..--  7    — .-• 


]       ■a     ...  6     

In  the  earliest  forms  of  telegraphic  insitruaicnts,  to  o|H.*rate 
Ihe  signal -senders  two  wires  were  necessary,  thnmgh  one  of 
which  the  current  was  sent  and  through  the  other  returned. 
But,  iu  18oS,  .Steiuheil  discuvercd  that  the  return,  wire  could 
be  dispensed  with  by  soldering  copper  plates  ti)  the  terminals 
and  burying  them  iu  the  earth  {earih  dreait).  Wheu  a  galvanic 
battery  is  connected  in  this  circuit,  the  opposing  electrioitiee 
How  from  its  tx>les  through  the  copper  plates  intti  the  earth 
as  into  a  great  iteeerroir.  and  the  current  then  flows  through 
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the  wire  jnst  es  tliongU  the  conductor  were  cloeed  by  moons 
of  the  earth.  Tn  make  commiinication  in  both  directions 
betveen  two  stations  possible,  each  of  them  mast  bo  oqiupped 
with  both  a  reeeivtr  {a.g.  a  racrder)  and  a  sender  {key). 
The  coiiiw'  itf  tiiH  4?iirrenl  betweea  two  Morse  stations  is 
indit-atwd  in  Fij,'.  222,  wlieii  the  key,  c,  of  the  sending  station  is 
pressed,  the  current  passes  Ireiiii  the  battery,  b.  by  way  of  o, 
into  the  conductor,  through  the  chwed  k*'y,  tf,  of  the  r«coiviag 
Ktation,  around  tbp  electrtmia^rnut,  a',  of  the  reoordio!^  api^tiratus, 
then  into  the  earth  tunard  the  jtlatc,  d',  and  from  the  plate,  d, 
about   the   olectntma'ruet',  a,  at  the  lirst  station,  and    finally 


Fig.  222.— Uuunu  o{  Cutrout  belweeii  BUttiuni. 

to  the  other  [H>le  of  Hie  battery.  The  Morge  apparatus  needs 
no  8[>ecial  raliing  device.  The  rattling  of  tho  anoatitre 
Buflices  Ixith  to  call  the  operator  at  tho  rcceivin-r  Ktation,  and 
to  release  the  cbick-wyrk.  In  reality,  tho  electromagnets  of 
Fig.  222  must  Iw  tliinight  of  as  constituting  parts  of  the 
MH»Ued  "relay,"  and  not  of  the  uriting  apparatns.  By 
reosoD  of  the  great  n-sistouc-e  of  long  condnctors,  the  "Une- 
ourrent,"  uomtng  from  tlie  sending  Htation,  is  to<i  much 
enfeebled  to  o|iorate  the  recording  lever  with  jnifficiont  force. 
This  eurrent  is,  therefore,  only  used  to  excite  on  electro- 
magnet, C  (Fig.  223),  with  a  ver)'  senaitire  armataro,  «'- 
When  the  attracted  orniBtHre  presses  the  lever-arm,  fcc,  against 
the  screw,  d,  it  closes  the  local  liattory.  A,  at  the  receinng 
station,  which  scuds  its  more  powerful  current  tlirongh  the 
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coila  of  the  eloetromagnet.  B,  shown  in  the  dravring.    This 
spiwratUH,  dedseil   by  Wheatst-mc  (1831»),  is  called  a  traus- 

tiiitter,  or  n  rslay. 

248.  The  Mftgnetic  Hammer  (Waj^ner,  18351)  \»  an  apparatus 
for  automatically  breaking  ami  nmkiii;?  iht.  vtacnil  (Fig.  224). 
The  current  jiasaea  from  the  i»Bttery  Ut  the  biudiu^-screw,  a, 
through  a  metal  atrip  to  the  motul  pust,  h.  through  a  jilatinum 
]K)int  upon  a  small  platiuum  strip  siiUIered  io  the  bmss  spring, 
^1,  thence  into  the  brass  (lolnmii,  d,  llion  from  d  io  e  \>y  moanii 
of  a  clming  wire,  then  tbrouph  tho  coils  of  tho  olMtromagnot, 
M,  leaving  by  way  of  /  for  the  negative  polo  of  tho  bett«ry. 
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Fiii.  £]Et.— HagaetJo  Hnmtner. 


So  sooa  as  tho  current  postios  through  the  voxU  of  the  m^,^et, 
tho  latter  is  energized,  attractx  the  in>u  armature,  h, 
attached  to  the  brass  spring,  oo,  aud,  l>euding  this  spring 
doimward,  breaks  the  circuit  at  the  platiuum  point,  p.  In 
L'ouscquence  of  this,  the  magnetism  of  the  iron  (.-ore  is  quencb«d, 
the  spring  flies  l>ack,  restores  tlie  counectioii  itt  }*,  whereu^tou 
the  same  process  is  repeated  in  rapid  suc^tession. 

349-  The  Electric  Bell  consist«>  of  a  iimKnetic  hammer, 
nhusti  s]iri]ig  termiuulcii  at  its  free  end  in  a  knob  which  may 
be  made  to  strike  rapidly  agaiiuit  a  l>ell,  as  soon  and  as  long 
ac  a  current  is  sent  through  the  cf>uductor  by  pressing  the  key. 
The  arrangement  of  the  conductor  for  an  electric  boU  is 
shown  in  Fig.  225.  From  the  ^rale,  C,  of  the  battery,  AC,  the 
ooliductor  pas8e<i  to  the  bell,  B,  oiid  coatiaues  beyond  the  bell 
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tu  whatever  i^tatians  the  Ueya  may  be  desired.  A  wire  fruni 
the  other  jwle.  A,  riiiiii  [laiulle!  beside  the  former,  and  is  in- 
milated  from  it.  Prom  eiti-h  of  tliMse  wires,  branches  extend  to 
kfVH,  HO  that  the  tnitretit  may  bu  elused  and  the  Liells  set  in 
actioTi  I'rum  any  une  of  thcin. 

250.  Eleotric  Clooks  nre  devices  whieh,  by  the  aid  of  aa 
electrio  turrcat,  may  be  moved  in  exact  aji^eemeut  with  a 
precise  olock  {master  clock).  Itia  mei'baiiiiini  L-oiisial»i  of  a  wheel 
with  .nixty  teelh,  into  nhii>li  h  steel  lit^  fastened  to  the  armature 
of  till  elef'trnmagnet  erigage«i  in  hiii.*1i  iiiaiiiier  \»a  tu  allow  the 
wheel  to  ail^'ance  by  the  dicitauM)  of  one  tuath,  whenever  the 
armature  of  the  elei'^trtimagnet  ia  attracted.  This  electroniagQet 


nvmr 
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Tw.  -iSu.-  Kleetrlo  Bell. 


Pnt.  ase.— Rit«lii«' a  l-:in!troi]i«gii«4ic 
Maoblne  (MoUimj. 

if  connected  iu  a  eiruuit,  n-hicli  is  (.dosed  every  minute  by  a 
device  ojwrated  by  tht-  master  dock.  The  minute  hand  attached 
to  the  axis  of  this  wheel  at  the  end  of  eaf-h  minute  jumpe 
forward  by  one  sixtifih  i.>i  the  circu inference  of  the  dial-plate 
\<i^minute-jamper).  .Surh  elei-trical  clocks  may  be  inserted  into 
the  some  circuit  in  any  inimlrer  and  at  any  desired  di?;tances.  so 
that  a  single  master  <-k«'k  may  o|^)erato  them  all,  keeping  them 
in  eoinplete  agreemeot  with  itself  and  with  each  other.  iSuoli 
clucks  are  kiiowii  as  iteondary  eJocla,  mwute-jumperx,  eto. 

201.  Elvotroma^aetic  Moton.— The  powerful  sheet  of  olectru- 
magneta  soon  suggested  the  apjiliratioQ  of  eleclmniBgiietiam 
as  a  moving  force  to  drive  machinery.    Fig.  22ti  sbon-g  a  smalt 
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olertrmiingnetic  motor  devisftd  by  Ritchie  (182U).  A  horse- 
shoo  magnut  of  steul  li  Bxed  rigiidly  t<>  n.  baseboftrd  with  tbu 
poles  N  and  S  diiocted  upwanl.  JUdway  between  the  branohM 
of  the  magfnot  ia  o  vortical  axis  farrying  a  horistoiitai  ©loctro- 
nifignet,  AH,  wh«i80  terminal  siirfares  ihiriiiff  nttatioii  more  just 
over  the  poles  of  the  steel  nmpnet.  Wlieii  the  current  passes 
through  the  ouiU  of  the  olet-tnmiagiiHt,  so  that  end  A  bertinie)* 
a  south  [xdo  aiid  i)  a  north  (Htle,  A  will  bu  attnu;t«d  by  N, 
and  J3  by  S,  and  a  rotation  nill  i-ouHoqiiontly  cnsuo  in  the 
direction  of  tho  arrow.  This  rotation,  honcvoi-,  would  e4jft.se  a$ 
wion  aa  A  arrivod  above  N,  and  B  aL>ovo  S.  were  it  not  that  at 
this  instant  the  direction  of  the  current  in  the  eoils  is  euto- 
matitadly  reveree'I,  so  that  A  is  ronverted  into  h  north  pole  and 
B  into  a  smith  pole.  Bint!*;  A  is  then  rDpellcd  by  N,  and  It 
by  £j,  the  rotation  continuoH  in  tho  former  dirtxHiou.  Tlra 
reversion  of  the  current  at  tho  j-ropor  instant  is  effected  by 
iiieang  (if  a  soK'Jilled  eommutator,  hi.  It  consists  of  a  metal 
ring  fixeil  to  the  axis  nf  rotation  and  insiilateil  from  it,  which 
is  divided  at  twr)  opposite  points  by  insiilHtiti^  siMii;e)(  into 
two  separate  halves,  the  one  of  which  is  connected  «ith  the 
end,  0,  and  tho  other,  i,  with  the  other  end  of  tlie  coil.  \J\yon 
the  circumfereQce  uf  the  rinp.  two  brass  sprinf^,  g  and  8,  slide 
with  gentle  friction,  the  outer  ends  of  the  springs  carrying 
binding -screws  (+  and  — )  to  receive  tho  lonuinala  of  the 
battery  wires.  In  the  position  represented  in  the  figure,  the 
uurreut  pa&se:s  through  the  spring,  g,  tu  the  portion,  h,  of  the 
ring  and  through  the  terminal,  o,  into  the  coil,  passio;;  over 
upon  this  to  the  |rortioQ.  i,  of  the  ring,  and  returning  finally 
through  the  spring,  /,  to  the  negative  pole  "f  tho  battery. 
At  the  instant  when  A  passes  over  X  and  ft  over  S,  tho 
insulating  sjiaces,  Ji  and  i,  jtoss  under  the  springs,  the  jiositive 
spring,  g,  coming  ui«>n  i,  and  the  negative,  /,  upon  h.  The 
current  now  flows  through  the  coils  in  the  opitosite  diraitinu, 
and  tlio  poles  of  tho  elect rumagnet  are  reversed.  The  «teel 
magnet,  XS-,  may  be  replaced  by  a  Used  electromagnet.  who*f> 
wils  are  traversed  by  the  same  eiirrcnl  as  is  naed  with  the 
movable  coil.  Other  electromagnetic  motors,  known  a^i  electTo- 
moton,  cannot  be  discussed  until  later. 
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252.  Electrical  Arc  Lain_ 
light  (236)  8iibeeT%'«  tbe  {lur^ioBea  of  illumination, 
bars,  or  points,  must  lie  pushed  together  niitonmticaJly.  tus 
rapiJIy  as  thoy  are  coiwiiiueU,  so  that  Iho  arc  will  preserve 
a  constant  len(>:tll.  and  that  the  miao  resistant^o  may  {trcvaiU 
This  is  aceumpUfihed  by  means  of  carbon  light-regtilators,  <ir 
electrical  are  tatiips.  The  curivnt  prwlncing  the  arc  is  |«8sei] 
around  an  electromagnet,  which,  so  hmg  as  the  jxiints  are  nl 
the  [iro|)er  distance  and  the  current  is  of  the  propter  strength, 
attract  au  armatuie,  and  hold  a  toothed  wheel  mecbanisni. 
wbieb,  if  not  arrested,  strives  to  crowd  the  carbon  points  cloee 
apttJUBt  each  other.  ^Vhen,  bowevor,  from  the  consnmptiou  of 
the  carbons,  the  length  of  tbe  arc  increases  and  the  curretil- 
atrength  diminishes,  the  amjature  of  the  enfeehled  electro- 
magnet is  released,  the  mechanism  Liberated,  and  tbe  points 
B|)proach  each  other  until  the  current  becomes  strong  enough. 
whereni»on  tbe  electromagnet,  which  is  also  intensified,  again 
arrests  the  mechaniini. 

Tlie  earlier  lanijw  (of  Fouofiiilt-T)ulw!M|,  Sorrin,  Uefner- 
Alteneck)  constructed  on  theiie  principle?!,  required  each  its 
own  current.  If  ^vcral  uf  them  wore  put  in  the  !wme  circuit, 
they  did  not  work,  bocmua  the  operation  of  each  dcjHuided  not 
merely  upon  tbe  resistance  of  ita  o»-n  arc,  but  upon  tlio  b-um 
uf  the  resistances  of  nil  the  artw.  The  "diatribution  of  the 
electric  light,"  i.e.  the  operatiug  of  a  number  of 
lightji  in  the  same  circuit,  as  is  reiiuired  in 
practice,  wiks  nut  [>o»sible  with  these  pruuitive 
regulators.  They  wore  thou,  and  are  still,  uxed 
only  fifr  puq)0!ses  of  demonstration,  for  projectmg 
imagea  upon  screens,  etc.  'ITie  latter  problem 
was  first  9olved  by  JaMoohkoll'  (IS7G),  by  the 
invention  of  the  electric  candle,  with  which,  in 
tho  simplest  niiy  and  uitli<mt  any  mechanism 
whatever,  a  constant  dislanc^e  is  kept  l^tweou  the 
carbon  points,  Tho  bars  of  carl^m  (Tig.  227 )  are 
placed  in  parallel  positions,  aa<lare  separated  by 
m  non-conrluctiug  layer  of  gyjwum,  or  of  kaolin.  Between  the 
iip{ier  ends  of  the  bars  a  flame  is  generated,  the  non-conducting 
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Iftyer  melts  and  vulatilLcas  at  tbe  nte  of  eonsumption  of  the 
carbon.  The  arc  is  etarter]  by  a  small  piece  of  carbon,  or  of  zinc^ 
which  conneiTts  the  points,  but  bums  away  on  the  passage  of 
the  current.  JabloclikofTs  arrangement  of  candles  is,  however, 
alill  imi«erfe<t,  boc-aufio  all  the  lijcbts  are  extingiiiflhcl  when 
ooe  fails  to  operate,  and  the  light  is  not  a^ain  automattcally 
started,  and  finally  becanse  the  arc,  which  is  filled  with  the 
vapoiiTH  of  the  insulating  iiitibstance.has  a  disagreeable,  reddish- 
blue  colour,  and  llickers  badly. 

The  problem  of  transmission  of  light  is  mach  more  per- 
foetly  solved  by  tUferential  lamps,  the  action  of  each  of 
which,  no  matter  how  many  are  "  ia  series,"  depends  entirely 
apon  the  proce»!ie«<  f;oin^  ou  between  its.  own  bindin^-aerews. 

The  rtrrangement  of  the  diflfiw- 
ential  lamps  of  Hefner-AIteneck 
(Sieiueiu  and  Jlalsko)  is  repre- 
sented schematically  in  Fig. 
22S,  The  upper  carbon,  K, ,  is 
attached  U>  uue  arm,  a,  oi  tt 
lever,  movable  about  e,  and  a 
rertical  bar  uf  iron,  s,  ia  attached 
t«j  the  other  arm,  b.  Tbe  lower 
end  of  the  iron  bar  extends  into 
_  a  solenoid.  K,  wound  i'rom  thick 

'^  Wire,  while  the  upper  end  con- 
tinues into  a  8|iool  of  blender  wire,  U^  The  latter  tuiletioid  is 
cuimected  at  d  and  e,  aa  a  shunt  of  great  resiaUince,  with  the 
main  circnit  Li,  rflt,,  caK„  K^  cL,.  If  now  the  carbon  poiul«  K, 
and  K,  are  too  nidely  separated,  the  current  will  pass  wholly 
through  the  spool  of  slender  wire,  since  passage  over  the  other 
gpwil  is  obstructed  by  the  resistance  between  the  points.  The 
solenoiil,  It,,  draws  tbe  bar,  S,  into  it  (240),  the  ann,  h,  of  the  lerer 
nsos-,  and  the  arm,  a.  allows  the  other  carbon  to  Hiuk  until  tbe 
jKiiutjt  t^iiich.  At  this  instant,  the  current  almost  ceases  to  flow 
throagb  the  shiint>  in  which  the  spool.  Hi,  is  connected,  while  in 
the  !4pool,  R^  whose  reststance  is  small,  a  ponerful  current  is  now 
flowing.  This  again  draws  tbe  iron  bar  downward,  raises  the 
u]»iier  carbon,  and  the  arc  begins  to  form.      In  eoiiseqnence  of 
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the  residtauc-e  of  tbu  aru,  the  current  Lii  Ri  is  again  weakened, 
while  in  Id  it  increases  until,  at  a  definite  resistanoe  (i.».  corre- 
«l«iiuling  to  a  definite  leiiyth  of  arc),  the  attracliona  of  Bi  and 
it,  upi^n  the  bar.  S,  holJ  each  other  in  eijuilibrium. 

203.  Yoltmeten — Ammeten. — Tiimeasniethe  stn>iig  (Mirrauts, 
applied  in  clecti'otechnicii  for  illimiiiiatin^;  and  other  atmilar 
purposes,  the  attraction  exerted  bv  a  solenoid  ui>en  a  movable 
iron  core  is  agaiu  useiL    The  very  extensively  used  enrrent- 
meter,  ht- amperemeter  {ammeter),  vvhase 
urrangt-ineiil  ik  iihiiun  in  Fig.  229,  con- 
tains a  Mpuol  of  thick  wire  eiicloKtMl  nithiii 
a  box.     A  Kleuder  light  inm  cure,  sus- 
pended from  one  arm  uf  a  henl  lever,  is 
drami  mure  deeply  into  the  spool,  the 
stronger  the  current  flowing  through  it, 
and  the  amount  of  rotation  of  the  lever 
is  indicated  by  a  pointer  attached  to  its 
axis  and   plaving  alon^   a    graduated 
scale.    Tension-meters,  oi  voHimtcrs,  are 
■oonstntcted  in  a  similar  »uy.  excepting 
[that  their  spools  are  composed  of  uiany 
windiugK  of  a  slender  wire,  and  that  they 
are  inserted  in  a  tihuut. 

With  the  current  and  tension  meters  of  S.  Koblrausch  the 
iron  core,  u]>on  which  the  ooil  nct«,  is  suspended  to  a  spiral 
spring,  and  a  pointer  fastened  to  the  imn  cor©  indicates  it8 
position  on  a  vertical  scale.  The  coustructiou  of  these 
ap|>aratus,  i.e.  the  graduation  of  their  scales  into  Km])&re8,  or 
volts,  as  the  case  may  be,  is  effect^td  I>y  pacing  curTenta  of 
measured  intensities  {e.^.  uikju  an  oxy-hydnigea-voltameter) 
through  them,  either  directly  or  in  a  shunt. 

SM.  Elcctrodynamic  Action  — Since  a  solenoid  comport« 
itself  with  rwp.  ot  ty  u  magnet,  or  bar  of  soft  iron,  aa  a  magnet, 
it  was  early  suspected  that  two  aolenoida  would  act  upon 
each  other  magnetically,  and  that  currents  iu  general,  since 
each  produces  a  magnetic  deld  about  it,  would  act  magnetically 
upon  one  another.  The  truth  of  the  suspicion  waa  proved 
experimenialiy  by  Ampere  >q  18^     U  the  rectangular  copper 
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Fie.  280.— Anii^rc'n  Klaiid. 


wire,  ah  (Fig.  230),  thnmgh  which  »  current  is  tnmsniitted  by 
means  of  the  wires/  and  h,  is  brought  near  to  a  siitnlailybcnt 
coDiinctor  (uf  <;i)]>per.  m  uluniinium  wire)  edg,  8US|)enJeil 
morably  on  an  Amp^ro'a  stand  (24V),  the  portion,  de,  of  tb& 
ciUTont   is  attnictfld    by  tbo  parallel   [mrtii>n,  id,  «hen  the 

ciirrout  flows  in  ihesaniotlirootioii 
in  both,  ami  the  movable condnctor 
peelvR  »  [Hisition  of  stable  eiini- 
libritim  with  res|»ect  to  the  tixed 
oonductvr,  whither  it  retiirni^  after 
a  series  of  vibratiinin,  whenever  it 
is  drawn  aside  t'rnm  This  |»(it<ilii>ii. 
Itiit  when  the  current  in  oIi  i«  made 
tu  tiow  ill  a  direction  opposite  to 
thai  in  de.  by  the  aid  of  a  witn- 
ttiiitalor  connected  in  tbo  circuit,  ah,  these  portions  of  the 
current  nuitiialty  roiiel  each  other,  and  the  movalde  con- 
ductor tnriiH  from  it^  initial  [Hiuitiun  of  unstable  equilibrium 
ihrouj^h  ISO"  into  the  stable  ptwition.  where  the  oppfwite  sido, 
tbroiifrh  which  the  rnrrent  flows  lu  the  direction  of  that  in  ht, 
lies  v»  ntiiLr]y  as  pijKsihIe  to  ha.  The  two  circuits  act  in  Utth 
eases  upoa  each  other  like  two  bar  magnets,  placed  with  their 
axes  |>eri»endiculHr  to  the  aurfai^-a  of  tho  roetaiij^'les.  so  that 
their  south  poles  are  turned  toward  their  cloctcwiE^  surface?,  or 
like  two  nia^^netic  double  surfaiiea  (240). 

The  magnetic  eH^-ct  of  the  earth  exercises  a  distiirbinj^ 
influence  upon  thesu  ex[>erimeut».  since  a  movable  cln-iiit.  nuch 
as  ede,  tends  to  a^iime  a  jxisition  with  its  axes 
in  the  magnetic  meridian,  and  the  earth's  mag- 
netism tends  to  hold  it  In  this  position.  If, 
howerer,  the  wire  of  the  mnvabk'  conductor  is 
lient,  as  showu  in  Fig.  'jUI,  tho  couduet^ir  is 
freol  from  the  inflHence  of  terrestnal  mag- 
netism, or  it  is  *"'  astatic  "  ;  for  it  mu.it  now  act 
like  two  equally  strong  magnets  rigidly  <^on- 
nectc<l.  whose  poles  point  in  opixwito  directions 
{attaiic  needle). 
When  the  condiietor,  n  (Fig.  232),  |>as!ies  below  or  aWre  a 
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etiinluctor,  j)y,  movable  about   a,  e.g,    autlor  tho   horizontal 

pdrtion,  d,  of  the  rectangle  ( Pig.  230)  snsjjenile»l  on  au  Am|)6re'fl 

Htand,  Bn  that  the  coiicliirtnrs  inteniect,  tbe  (inrrents  tend  to 

iiHHimie  parallel  eml  likuHlireciled  pitsitioiui.     It   luuy  also  he 

ruiulily  verified, that  hctwecn  thoee 

parts  uf  the  conductors,  in  which 

III  ith  currents  move  toward,  orfruiu, 

thi>  point  of  iiityrseclion,  0,  aitrac- 

tioii  oL'Burs;    while  between  two 

portions  of  the  conductors,  in  oue 

of  which  the  current  flows  toward 

the   jMiint  of  intersection  and  in 

the  ottier  away  fn>in  it.  repulsion 

takvH  placH. 

..  lu       -„     1.         r     Flo.  232.— iiitcr»cctinj[  CurtcuU. 

Simini arizing   the    resiiltei    of  * 

the»e  ex(»erimenta,  it  may  be  said  that  paiatlcl  currents  attract, 

or  reijet,  one  another  according;  as  their  directions  arc  the  ftatne. 

or  opposito,  and  that   intersecting  currents  strive  to  assume 

{Wiallet   and    likenlirected    pmitiuns.      .\ni]iere    called    (hia 

i-ecipnical  magnetic  action  Iwtween  wmdiiiitors  elfctrodijnmnie 

action. 

Amrigro  found  tlwt  lt»e  force,  K,  exerted  tiy  lw<i  cumjil  rtcmcnta  of  lenirlho, 
/  uid/,  uid  of  JntMiHtlico,  f  and  i",  apon  ucb  oUurvlvDxthecoiiiieotiiig  tUic, 
r,  rif  their  miiMle  poinu,  U  pvoii  by  the  0(]uatkiii — 

K  =  — ^  I  COB*  -  50088009  r  1 

whtB  the  'li^^:tioIla  of  iii«  o)i>nici»tt<  form  with  chcU  other  ih«  angle  t  asd 
wilb  the  linv  r  t})c  anttlcn  >  and  S'  rGxiicctiroIv. 

209.  Other  Electrodyuamic  Experimentt. — 8ince  poraltol  like- 
ilirecte<]  currents  attract,  tho  adjacent  windings  of  a  spiral 
wire,  su»iiended  from  a  metallic  ^tanil,  with  a  point  at  its 
loner  end  ininicr.%-d  in  mercury,  mnnt  niutuatly  attrat^t,  when 
u  current  p&^«cs  through  the  qiiral  to  tho  mercury.  Here- 
upon the  spiral  coiilracts,  raises  the  [M>int  out  of  the  merctiry, 
and  breaks  the  circuit.  The  circuit  then  lioing  brnkcn,  ibn 
attracti'iu  ceaMM :  the  »piral  leugtheuK  by  reason  uf  its  onn 
weight,  and  again  restores  tho  <-ircuit.  TUiii  alternate  cim- 
tractiun  and  extension  of  the  spiral  vnre  gires  rise  to  s  series 
of  rapid  vertical  vibrations  (Koget,  Petriuai. 
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Bv  viitae  of  the  reeiprooU  action  of  two  iuterseotiug 
currents,  a  wire  traversed  by  a  cwrrent  may  te  set  in  eoo- 
tinQuuH  nitation.  TbU  is  exempUtied  in  the  apparatus 
derLse*!  by  Gartfae  and  represented  in  Fig.  233.  Within 
a  fixed  wmxlen  fniine,  AB.  about  whoso  periphery  soToral 
layers  of  oipper  wire  are  stretched,  is  a  light  woodeo  frame, 

CD,  alao  wound  with  insulated 
wire,  and  easily  moTahle  about  a 
vertical  axis.  If  irnw  the  poles  of 
a  galvanic  battery  are  oounectetl 
nith  the  binding -scrcns./  and  g,  iho 
movable  frame  will  rutale  iiiilil  the 
enrront  in  its  cniU  is  |)arallel  and 
like^i reeled  with  that  in  the  coils  of  the  fixed  frame.  To  preTent 
the  fmiie,  (.M>,  fr>.iui  rt^niaining  in  this  |Hj$itiim.  iu  current  is 
reversed  by  means  of  a  commutator  (e/.  Fig.  'J2,^),  attached  lo 
the  lower  end  of  its  axis. »  tliat  the  portions  of  the  cmrent, 
uhieh  formerly  attracted,  now  rejiel  each  other,  and  thus  c<»a- 
tinne  the  rotation  in  the  former  direction.  This  rotating 
apparatus  differs  from  the  electromagnetic  ap|iaratus  desi^ribed 
above  (251),  only  in  that  the  former  steel  magnet,  as  abu  the 
electromagnets,  are  here  replocod  by  roils  uf  wire,  or  aolenoida. 
Jn  the  rotating  api>aratus  of  Fig.  216.  the  magnet  niay 
also  l>e  repla4>ed  by  a  solenoid. 

SW.  Tb»  ElKtrodTouBMHMr  <W.  Wtb«r,  184G)  h  ■  ralvanoBWtsr. 
wkoM  ntgiKt  w  replaced  br  a  soImmU,  vhieh  ii  mcpMded  bd(lariy(32  and 
192)  to  tli«  two  slender  oooaoelinx*wirM  witbta  a  fixed  nnltiplier.  The  foroa 
Mill)  wbich  the  nwvaUe  eoil  ia  dweetcd  it  pMfXHtiMial  to  tfae  product  of  the 
niTTcni-strcogth  io  tbe  two  eook  w  if 'Uie  nne  earmt  Sows  in  both  eoih,  to 
tUMiMro«(tk«  cUTMit  tlTfln^  TtM elMtrodfuetometsr  «f  BiMiMnaMid 
IUU(*  (tASO),  decignod  fortlw  tBe*mnun*nt  of  the  ftrong  entteoti  ued  to 
clcctrDtcchniai,  cmmkU  of  wi  inocr  fixed,  umI  ui  aiit«r  raoTablc  ceil.  Tbe 
hllerbMbtttjiBiti^tiim,ruu]iji,  tlieTelbr&,alnHMfii>de[ieAdeatoftitB  effeetof 
temetna]  atmtxmm.  The  cnrrtnt  w  adoutted  to  the  Borable  win  tluxnidi 
two  mtKumTenpa  I^iqc  one  sIkivq  the  other,  ia  the  ucie  of  rotation.  Tba 
mov4bl«  wire  »  eiuMiMed  to  a  >pinl  nxring  (tonioo  tfi<ring),  lhr««^  «bo«» 
rolAtion,  hy  nu«ti«  «i  a  totttoo-liead  at  tfi«  lop  of  Uw  instnioMit,  t)i«  deBocted 
wire  »  agaio  broo^l  into  ka  poMlwii  of  tqniuDritiia.  Tht  tonjoo-licad  carrie* 
a  potnttr,  imlioaluig  opoo  a  8radiMte<l  cirvW  tlw  angk  of  rotation,  wlucb 
foniiebeaa  u«*nii«  for  the  dcDwlinc  fonx.  Since  tli«  lattu  U  pro^oitioail 
to  tL«  Moaro  of  lli«  camnt.ftreiigUi,  tiw  iostnuueut  fnrniebeB  praoiadj  tlw 
mapiilnae  which  lti«  vxfmxsKxAtg  wisbes  jiuticularij'  to  fcnoir,  naacd't  the 
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tnosnt  or  ligbt,  or  heul,  nrotltiuvil  liy  the  cnirtat,  or  tli«  woib  pL'rronne>l  by 
It;  for,  accortliug  to  Joulu  h  law,  (liia  u  kImi  pruponiuital  la  the  Hjuaie  of  lli« 
■  currctit-vlrciigth. 

S67.  Ampere's  Theory  of  Hagnetiim. — Since  the  pbenomenA 

of  maffnetisiii  miiy  Lu  rojinwinct'il  without  the  use  of  steel,  or 

iron,  by  the  olectrodynamic;  oflncts  of  galvanic  fttirreiits,  Ampiro 

songht  tu  explaiu  the  niagnotisra  of  iron  ftn<l  steel  by  dssuming 

the  prosoiico  uf  electr»*al  currents  in  Iheso  snbstauces.     He 

supposed  the  moleeiJes  of  iron   to  bo  surronndo'l  by  little 

eircnlar  currents,  flying  incessantly  al>ont.  but  withuiit  electnt- 

inotive  effects ;  becfliise,  tipon  it's  path  about  the  molecule,  the 

carr^ut  encouoters  no  rosistuncc.     In  an  iiiunagnetizcd  iron 

bar,  the  planea  of  these  molecuUr  currents  bare  the  most  varied 

positions,  and  on  this  account  their  recriprovnl  external  effects 

are  mulnaUy  destroyed.    But  when  an  electric  current  is  passed 

around  the  bar  of  iron,  it  sets  the  molecular  currents  to  flowing 

parallel  and  like-directed  to  itself  and  hence  also  to  each  other. 

Consequently,  all  the  axes  of  the  molecular  currents  thus  become 

parallel  to  that  of  the  bor.    The  little  currents  circuiting  the 

imier  niuleeulpR  of  the  bur  can  exert,  no  external  eflect,  because 

each  i^i  neutralized  by  its  neighbour.     ThtMe  currents  uhlch 

circuit  the  molecules  at  the  circumfcrcm-e  of  the  bar,  however. 

in  the  external  portiuus  of  their  path,  are  not  neutralized  by 

neighljouring  currents.      In  their  t<»tality  these  unneutralize*! 

fragmentary  onrrents  will  coalesce  and  form  clutied  curreuta 

encircling  the  entire  bar.    The  bar  must,  therefore,  act  like 

a  spiral  wire  traverned  by  a  current  (I'.t',  like  a  solennid).     It 

oiu-st  exhibit   the    phenomena  of  attiaction   and    repulsion 

Ipecalioi  to  solenoids  and  called  magnetic,  or  it  has  become 

an  electromagnet,  whose  south  p^ile  is  directed  toward  tho  side 

whence  the  nagnetizing  current,  as  also  tho  molecular  currents 

of  the  iron,  appear  to  flow  in  the  clockwise  direction.    While 

the  niolecnlar  currents  of  soft  iron  are  easily  nwvablo  alwut 

the  centre  of  gravity  of  the  molecules,  and,  ot'icr  tho  oossation 

uf  the  magnetizing  effect,  readily  return  to  their  former  dift- 

orgoaixed  coodition,  the  more  difficultly  movable  molecular 

OUrrents  of  steel  {coercive  force)  tuaintuin  for  a  cx^nsiderable 

time  any  arrangement  which  may  be  imparted  to  them.    A 
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Fl«.  281.— A  nil  vn.'"*  «xp]aiiiktioii  of 
Ma  gnu  til  TU. 


Rtv«l  magnet  OOnportK  ilAelf,  therefore,  im  a. spiral  wire  traversed 
COntiiiuoiwly  by  eleclricnl  (.nirreuts.  The  law  of  repulsinn  i>f 
like,  and  of  attraetioii  of  iiuliku  poles  Is  now  explftined,  u.*  a 
glance  at  Fig.  234  will  show,  by  the  teudency  of  current*  in  the 

two  luoffDCts  acting  oil 
y^^^^^^f)  L'Ach  other,  to  direi-l  them* 
selves  parallel  and  Hiiiiilar- 
ly  to  each  other.  A  iiia^- 
rtetif  needle  is  deflect©*! 
by  a  cnrrout,  bet'iiiise  the 
Ampurian  eiirronts  sur- 
rnimdiiif?  it  seek  [xisitions 
[H\rullbl  and  like-directed  t«.i  theinagnetiziug  enrreut.  Acconl- 
iug  to  this  ^-iow  torreAtrial  maguetism  is  only  the  effect  of 
olcctrieal  oinreiits  Howing  about  th«  earth  incessantly  in  a 
direi'tion  frnm  east  to  west. 

258.  Indttctioa. — In  the  year  1831  Faraday  discovered  that. 
when  a  imi^'iiot,  or  ii  conductor  traversed  by  a  current,  is  nrnved 
in  the  vicinity  of  n  closed  currentless  conductor,  elwtricftl 
corrcnte  aie  produccl,  ^vhich  lust  only  so  long  as  the  conductor, 
or  the  magnet,  is  in  motion.  He  called  this  jirocess  '*  indiictiou," 
distinguishing  Wtweeu  the  two  Bi»ocies  of  induction  by  cnlliiig 
that  due  Xu  ihe  current  "  vultaiu  induetion,"  and  that  1<>  the 
magnet,  "  magnetic  induction."  The  currents  thiLs  arising 
were  calied  by  hiiii  "  induced  "  or  "  induction  "  currcutA. 

S69.  Voltaic  Induction. — A  wire,  iusulatcd  with  silk  and 
wound  upon  the  rfpuol,  A  (Fig,  *235),  is  connecte*!  with  the 
binding-screws,  (li,  of  the  coils  of  the  galvaiinmeter,  (».  llie 
current  being  thus  completely  closed.  A  second  spool.  11,  is 
then  inserted  viilhin  the  spool.  A.  The  tcniiiiuiUof  the  coil,  B, 
are  eouueiMcd  by  means  of  the  bindiriy-MTCws,  c  and  d,  ivith  thej 
twles,  n  and  p,  of  the  galvanic  clement,  E,  so  that  a  current  maj 
be  sent  through  the  eoils,  B.  if  now  tlie  ooil.  B,  when  traversed 
by  a  current,  1x3  inserted  quiclilr  intothu  h]h)o1,A,  thedetlectiun 
of  the  newlle  of  the  galvauonictwr  iudicules  that  a  current  has 
arisen  in  the  wire.  A,  which  flows  in  the  oppoeite  direction  to 
that  in  J*.  Thi.s  curnnt,  which  is  produced  in  the  latter  by 
bringing  the  coil,  U,  within  the  cull,  A,  or  nhich  wa^  induced. 
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Iwto»  bowev«T,  onljr  donng  th«  short  interval  of  eppvoacb,  and 
CQAses  immeiiiatoljr  so  soon  aa  the  ooil,  B,  comes  1i>  real  n-itliiu 
A.  This  is  shown  hy  the  ftuit  that  ihv  needle  ot  the  galvauo- 
ineter  retnms  to  its  iKHtitimi  of  oqnilibriuni  immediately  after 
the  coil,  U,  lias  bwu  iusmtccl.  Il  the  coil,  B.  be  quickly 
drawD  (Hit,  or  If  it«  windings  are  removed  from  the  coU,  A, 
the  needle  is  deflei-ted  toward  the  opposite  side,  ami  then 
rotiims  iitinicdiHt«ly  tu  iUi  pttaition  of  rest,  ahowiu;^  thereby 
that  in  the  L-oil,  A,  au  tii^laiilunetius  elec^triciil  current  wait 
excited,  having  tlio  same  direction  a-s  the  exiTiliu}^  citrroot. 

Instead  (if  brinpinjr  the  primari/  coil,  \i,  near  the  aeco»dary 


/ 


Fio.  235.— VolUM  loilnelk))). 


eofi.  A,  or  of  removing  the  ftH'mer  frota  the  latter,  <ir,  instead 
<if  iniwrtiug  the  primnry  mil  into  the  latter  and  then  with* 
drawing  it,  it  is  nioru  cuuviMiienl  to  leave  the  primary  within 
the  sei^nndary  coil  and  aUoraately  to  open  and  cloae  thu 
(irimary  circuit.  Closing  the  primary  circuit  lias  exactly  the 
Riune  efTwt  as  tiioiifrh  it  were  hmtiKht  institnlanwiu^ly  from  an 
iiiBuite  distunre  aiid  iuNortcd  iutci  tlie  eec^^milary  coil,  und  open- 
ing it,  a:^  though  it.  were  suddetily  removed  beyond  the  Hphere 
of  their  mutual  flt-tion.  On  cKising  the  primary  circuit,  ihere- 
f<ire,  a  eUmng-eurraii,  or  e%rrent  on  ctoinre,  opposite  U>  the 
primary  unrrent  arises  in  the  sectindary  ooil,  ukI  od  oi>eniiig 
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it,  *n  openinj  CMrrent,  or  current  oii  ojmiinif,  in  the  sanie 
direction  as  the  latter  i^  anakened. 

The  making  ami  breakiag  of  the  primary  current  nwy  be 
eflected,  as  in  Fig.  235,  Ly  means  of  a  mercurial  eup  conu(-etO(l 
with  the  6n<\,  c,  of  the  primary  wire,  by  immersing aud  withdraw- 
ing  the  wire  coming  frtiin  the  iKile,  p,  itf  tho  f^lvaiiic  element ; 
while  tlie  other  pule  remains  oinnected  with  the  other  end,  f»,  of 
the  primary  coil.  To  pr<nliice  a  rapid  succession  of  oppositely- 
directed  induce<l  ciirrontA,  or  an  aUemtUinff  oirr^nt,  iii  tbo 
secondary  coil,  a  spDcial  •levice  {rfieotoute}  for  intcrnipting  the 
current  is  ingertod  in  the  primary  circuit.  This  is  most  advan- 
tageously  accomplished  by  using  an  automatic  intermpUr  such 
as  Wagner's  Iianimer  (248). 

260.  Ua^etic  Indnctioo. — .Since  a  magnet,  NS  (Fig.  236), 


■) 


Kif..  ZVi — Mii^f^lip  Induction. 

acta  as  a  eoil  (257)  traversed  l>y  a  enneut  when  inserte>l 
into  and  withdrawn  from  the  coil,  A.  which  in  dosed  with  a 
gftlranometer,  O,"    in  circuit,  it  must  hLsh    induce   curreuia, 

'  Thtt  galvAuonutcr  mustko  itl  meb  n  JUtfliice  (liAt  th«  ina^^i,  Nit,'<iloeH 
not  act  duvctJy  itpoti  its  Dc«<!Ie, 
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oppositely  directed  tin  siipniftcli,  anii  like-<IirwtfiJ  oii  witli- 
diawttl,  to  the  ioduciag  current,  rcganleil  vi»  flowinjr  unmud  the 
magnet  according  to  Ampere'^  tJicory.  Inst^iul  of  iusertiiio; 
and  withdratving  the  ma^iiut,  n  har  uf  soft  iron  may  l.>e  pUt^'ed 

IpeimBnently  nnthin  tbo  spool  and  allematoly  magnetized  and 

(demagnetized  by  approaching  and  wiilidmuinfiF  a  mafinetic 
pole.  In  both  case«  electrical  currents  are  generated  by 
magneiic  tWui^fioii,  without  the  use  nfa  i^alvauio  element,  by 
merely  movin(»  a  magnet  in  the  vicinity  of  a  closed  circnit. 

In  the  ca9o  of  both  vultaii.^  and  ma<rnBtio  indiietiun  it  is 
noticed  that  induced  eurreiita  arise  only  while  the  ina^etic 
field  piodnced  by  the  primary  coil,  or  iho  magnet,  within  which 
the  secondary  coil  Ls  situated,  is  beuig  developed,  or  destroyed, 
or  ia  undergoing  some  other  change.     While  the  solenoid,  or 

^the  niagoet,  ramainfi  quietly  in  the  oil,  its  field  remaiiu 
tmaltered  and  the  circuit  remains  currentless.  But,  on  witli- 
dnval,  its  lines  of  force  intersect  the  roils  of  wire  and  amtise 
within  them  the  lilce-direi'ted  Amikriaii  currents, 

261.  Lenz's  <1834)  Law.  ^  Since  like-<lirecte*l  currents 
mutually  attract  and  opposite  repel,  when  approached  to  the 
induced  current,  the  inducing  current,  i>r  magnet,  is  repell&d  by 
it;  and  when  withdrawn, it  is  atiracto<l.  AVe  may  then  **ay  with 
Lenz  that,  if  the  relative  position  of  two  iHindu<'t<>rH,  A  and  B, 
of  which  A  is  trnreR«?d.by  a  .current,  or  of  a  magnet  and  a 
conductor,  be  changed,  a  cumiiit  Ls  induced  ui  B  in  a  direction 
anch  that  by  its  elect  rod  yuaiuic  action  on  the  current  in  A,  it 
wouM  liavc  imparted  to  the  conductors  a  motion  of  the  contrary 
kind  to  that  by  which  the  inducing  action  was  pri>diieed. 
Closing,  or  strength oning,  the  primary  current  is  here  to  be 
TegRideil  as  ef|nivab'nt  to  an  appn>a<'h  ;  while  interrupting,  or 

[Weakening  it,  i^  eipiivalent  to  n  withdrawal. 

By  means  of  Lenx's  law,  the  ditei'tton  of  the  induceil 
cuTTCut  Is  readily  determined  iu  all  cases.  Tbe  following  mie 
given  by  Faraday,  ia  ulao  very  convonicnt  for  this  purposo : — 
Lei  the  chaerver  im<iyine  hiviaelf  neimminy  in  (A«  direction  of 
the  line  of  forci,  with  his  fate  in  the  direetion  of  the  motion 
in  the  eoadttcior.  Vie  induced  current  i$  then  ti/imys  directed 
/rom  left  to  ri<fht  (dtxttrorattm). 
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262.  EUctromotiTe  Force  of  Induced  durenU. — AocoriUDg 
to  Leox's  law,  the  indiicei]  curreot  opposes  to  the  instantftneoiis 
motion  of  the  itulucinp  IkhJv  a  resistan<:e,  to  oveivome  whirb  u 
(lelioite  i|uaiitity  of  vi'urk  must  be  ji^rfuriuod;  which  occorling 
to  the  priiici]>le  of  the  conservation  of  eucr^  ( Noumann,  ]t$15 ; 
Helmhollz,  18-17)  reappears  as  cnerg)r  of  thi?  induce<1  current. 
By  the  process  of  induction,  therefore,  work  is  transfornie*!  intv 
an  equivalent  ((nnntity  of  current-energy.  The  electromotive 
force  of  <ttu  iiidui-cd  ciirront.  is  here  proportiunal  to  the  degree 
of  rapiditv  with  which  the  nutguettc-  lield  abuut  the  aecoudary 
conductor  ta  altered,  or,  inversely  proportional  to  the  time 
within  uhiob  the  change  takes  place. 

WUi'U  two  citrriW  rurrcnt^  nix;  bninj;Iit  from  an  iiilinitr  illMtanoc  ioki 
giviii  n-letin:  jiOKiTiniiti,  liy  rirttlti  of  tlieir  clec-tKuVinimic  m-UiMi,  a  certain 
(liinntiiy  of  wotk  U  tweouiriljr  coiutimcil.  If  for  tlie  caiku  tii  wlik'li  Uiv 
ciimail'Mn-njrlli  imiiy  j-revjiils  lu  biith  condociom,  lliiit  work  Iw  ilenotwlliy 
>I,  wlieii  tlif  ciirreiil  in  (lie  priniiiry  cgniliicior  Iiab  qii  iutcasitr,  J,  and  In  lh» 
M*ondAry,  ilio  inleiiBity  1,  il»e  atnoiint  of  work  mjiiinid  will  atuouut  to  JM. 
This  iTork  .IM  i«  c.illoi  tbe  " electnxli'Damic  ponDtiHl"  of  the  cnrntDU  upoii 
t-ac h  olIitT,  If  now  iIk-  ciin»nt>i  arp  i>n>ii^it  into  difleu-iit  roUtivo  [KnicioiiR, 
atid  nl  lliv  Miuu  \Xaw  tti«  airn-iit  sUvueth  ctmngm  iii  lbs  priiuary,  ihp 
|>»l(>ril)nl  IK  111  lliitKirnu  tiini.i  i;1iAiip*il  lo  .I'M',  and  tlin  wnrk  oxiioiiilud  n^iialit 
the  {liff«r«iiot>  of  th«  (Hiti-iilialii,  J'M'  —  JM.  If  llieti  iji  tlic  wivwn liirj-  von- 
iluctoT,  Ihc  liiMiuty,  t,  of  Die  current  [ndue>Ml  in  it  olnaiiia,  tliiii  work  will 
(.(jimliVM'  -JU). 

If  iioxv,  f  doRotc  Ibe  sliorl  time  ilurin^;  vlucb  llie  change  of  poleiitial  W»b 
Inking  place,  ami  t,  Xha  i>1ectr(>ii)»liv«  fori'i?  (or  temjon)  of  the  induced  carrent, 
«V  denuWH  ilie  ciirirTit  eiier^  {'^^^^  '!j<vvla|Wii  in  ^h\•  eecondar;  comlucl 
llie  timv,  -r.  Hill  lUh  mnot  rqiml  llii'  vork  connimcd,  t>,  w«  miKt 
eiV  =  t'l-l'M'  -  iIMl.    Kruiii  Ihii*  wo  lind  lliir  oleclromotive  fvirec  of  indi 

,  _  S 1,    ConKf|iicntl7,  Ibe  t^lectromolivt  fwrcc  of  iaJuction  i*  |»« 

irartlona]  to  tlic  clmiu:;f  t<f  ]iot«[itial  of  the  cnrrents  npon  each  otber  (to  the 
change  of  mngnctic  fidd],  aud  inversely  itropartional  (o  the  duration  of  tlua 
cbojigD. 

If  the  iiilciiUilj'  of  the  iiidnccd  current  during  Ita  motion  relativo  to  Uio 
indncing   curTOtit    rciuninK    uncluuigcd    (J'  =  J),    the    ck-ctixmioliTe    fon:tt 

,_  —  _L: L  £j  jiropottiotud  to  this  iiitentltv,  uiiJ  lo  tlui  ntjildily  willi 

whieli  liie  rotative  [luttition  of  tlie  correnU  is  changed. 

If,  (Ml  llio  conlrary,  the  intenstt^r  in  llie  iirimnrv  condnctor  cbnngfes.  whiJo 
llii»«oiidiiL-tor  Temniiia  in  theaane  pOBiUon  relative  to  tlic  i>ecood»ry  coiidactor 

(M'  =  M),  the  flwIromoUve   fore*  «  =  — J^-  ~    *  fa  proportionftl    to  the 

vcImtUj  irlth  which  tlic  niultin]  iiositJonti  are  dumped. 

Tha  iaaffoitiul«,  ftl,  dcpmiln  only  i)i)on  Ibe  form  aii<l  pootion  of  tlic  ooa- 
ildctoTS,  and  b  called  Uie  (reciprocal  tv^fideiU  o/imluttim. 
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upon  tl)' 

circle,  is  mav-sd  aw&jr  from  Uiis  centra,  aa  induced  current  of  intenaity,  t,  arint, 

whieh  TCpnb  the  nugnetic  pok  ^Ih  a  force  (346),  -^y^'    If  v  <l«noU)  Uie 

velocity,  with  whicb  the  [inle  is  iiiov«d  toward  tiw  conductor  (or  tliu  COD- 

(Inctoi  t<wnrd  the  pole),  f   *     vr\  will  be  tlie  work  iK--rform«l  in  t!w  tiiuv  t. 

Bat  thiN  work  uiitiit  kijiuI  ilut  cnurg)-  of  tliv  tint  ill  titneuiuly  Induced  cunnrat^ 

or  wc  mtiKt  luLve,  eh  =  (  "  ,.    ft  )<  u'lier«  <  deDotes  Uie  vleclromotivo  foroa 

of  UuK  uxliicvd  ciurcDt.    Tliw  force  4s  iioconltu},'))'  ;:iT<»i  b}'— 


=  ^-.(^„.,-.,..) 


w 


I 


In  this,  2»lt  s  f  b  ilw  Iciifilli  of  tlie  ciitiilar  curroiit,  ud   |.  =  T  tlw 

force  with  which  tlie  pole,  m,  woulil  net  npon  a  magnetic  palo  of  intumity, 
/,  nttuted  on  tlie  circiimferencR  of  the  ciTd«,  or  T  also  indicau*!)  the  intenafty 
of  the  insi^>otic  MA  jirvrniUug  iliere.  Tha  electroini)tiv«  force  of  the  tn> 
dnood  eiirrvnt  niHy  th«T«foro  h«  «xpreM«d  thus :  *  s  JvT.  Thi*  expr«iUon 
lioldR  also  ovvn  when  f  dcnotos  the  lengthuf  one  of  tho  snail  portloiu  (onmnt- 
elemoRt)  of  tliv  iiouductor,  v.  whoM  sum  rmkM  up  the  circiiinfi!T«nc«  of  xiw 
circle,  or  an  artillrary  porlion  of  lli«  circumference,  or  finally  a  rectiltnt^r 
cODdactor,  which  miivM  |<en>endii;ulnrly  to  tho  liticn  of  force  of  tho  licld. 
HcncD,  inali  part*  of  tho  conunotor  ofcqaitl  ler^jth,  iha  nno  force  opanites. 
Wliou  a  Tootiliocar  conductor  of  length,  /,  motea  witli  tiwiiiiUonn  Tcloofty, 
V,  porji^ndiculariy  ro  tho  Hoc*  of  forfc  of  t.  lion)og«neois  mnunotie  (leH  or 
iiit«[iitity,  T,  and  pATaII«l  t«  itulf,  dnrinff  I  «cc.  it  sweep*  oror  tu«  surface,  Iv, 
and  /[-l  ix  the  aunler  cf  lines  of  force  (U5)  it  cutii.  7A<  «/MhwnofiM/or«ff 
indtttttt  in  the  Mnduttct  it  thert/ot*  eqwl  to  llt§  numhtr  o/  Uim  c/fom,  ait 
f«rptndietil(trls  ^9  tt  in  n  unit  uf  (itiM.  If  th«  cfixludur  fwm  anotbor 
an^o,  f,  tban  a  ri^^lit  aiiglu  with  tlie  Nti««  of  foroe,  oniylhccomponeBtTdo^ 
pcipeiHlicular  te  tlw  Cviiduclor  must  be  cofw<lere<l.  Tbo  eloetrofuodre 
rorce  ifl  nccordiogly  0  wlien  the  cvnductor  in  parallel  t->  tliu  Itnoe  of  force 
(♦  =  OJ. 

263.  —  Absolute  Electromagnetic  Unit  of  KectromotiTe 
Foroa.— \\.  \\u\<et  selunUiil  aa  an  absolute  unit  of  electru- 
motiro  force,  that  force  wising  in  a  reoiilitiear  condncior  of 
length  i  {I  :=  i  cm.),  when  the  latter  is  moved  in  ■  loajnietic 

field  uf   inteniiity   1(1=  1)   with    the  velocity   !("  =  ^^) 

innillel  U>  itself  luul  |>er|»cii(lii--ulurl^  to  the  lines  of  foroe. 
The  practical  unit  of  oloctr'^motive  tbroe,  BlreAily  familiar  tu  ns 
08  the  voU,  is  one  hundreil  million  times  (lO'-fulil)  this  ithsotute 
unit. 
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264.  Extrft  Cnmut — Sdf-IndiictioiL — If,  as  heietotbre  as- 
stmied,  the  primary  wire  is  wonnd  upon  a  spool,  at  every 
alteration  of  current-strength  each  tnra  of  the  primary  wire  acts 
indactirely  npon  the  adjacent  toms,  and  on  closing,  or  increas- 
ing  the  primary  current,  it  awakens  a  current  opposite  to  this, 
while  on  opening,  or  diminishing,  the  primary  correut,  a  like- 
directed  current  is  induced.  Faradar  called  these  induced 
currents  in  the  primary  wire  itself,  extra  eurrenU.  They 
act  always  i^inst  any  change  of  the  original  current. 

This  so-called  "  self-induction "  acts  not  only  in  a  wire 
wound  into  a  coil,  but  also  in  a  straight  wire ;  for  the  wire  may 
be  conceired  of  as  composed  of  longitudinal  strands,  each  of 
which  acts  inductively  upon  its  neighbours.  The  electro- 
motive force  of  self-induction  is  proportional  to  the  rate 
of  change  of  intensity  of  the  primary  current. 

^le  electroiiiotiTe  force    of  selT-iDdnctiou   Li  r  =  L .        -  ,  where  L 

denotes  a  miignitiide  depending  npon  the  form  of  tlit:  conductor,  analosooslr 
to  the  reciprt^  coefficient  of  mdaction,  M,  and  it  is  called  the  coeffictent  of 
self-indncUoD. 

265.  Difference  between  Cloiing  and  Opening  Current — Since 
the  extra  current  ("  counter-current ")  arisin>;  on  closing  the 
primary  coil  is  directed  oppositely  to  the  primary,  it  weakens 
the  latter  and  causes  it  to  attain  its  full  strength  gradually 
and  after  a  short  interval  of  time.  The  efteet  of  the  extra 
current  on  opening,  on  the  other  hand,  is  readily  recognize«l 
from  the  following  facts,  which  may  be  easily  verified.  With 
the  straight  wire  of  a  galvanic  battery,  a  feeble  spark  is  obtaine<l 
on  breaking  the  current ;  but  if  the  same  wire  is  wound  into  a 
coil,  self-induction  acts  much  more  strongly.  A  powerful 
extra  current,  like-directed  with  the  primary,  forms  beside  it. 
thereby  strengthening  it,  so  that  the  spark  on  opening  is  much 
stronger,  and  forms,  at  the  point  of  interruption,  a  condnctiug 
bridge  for  a  short  time.  On  interruption,  therefore,  the 
primary  current  suddenly  disappears,  but  it  sinks  in  a  brief 
time  gradually  from  its  full  intensity  to  zero.  The  duration 
of  fall  is  much  shorter  than  the  time  retjuixed  on  closing 
for  the  current  to  rise  from  zero  to  its  full  strength. 
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Sincd  now,  tlie  electromotive  forces  induced  in  tlie 
secondary  coil  for  efjnal  alterations  of  the  primary  current  are 
inversely  us  the  diuratinns  uf  elianpe,  the  current  arising  in  the 
neoondary  eoU  on  «)])ening  the  primary  must  have  a  greater 
electromotive  force,  nr  tension,  and  therefore  also  a  greater 
intensity  than  the  i-Ujsin;;  current.  On  the  contrary,  the 
quantities  of  electricity  discharging  in  hoth  currents  {t^.  the 
product  of  intensity  and  duration)  are  equal.  This  is  plain 
from  the  fact  that  ihe  aUeniatitig  cnrrt'uts  of  the  secondary 
coil,  when  led  by  platimuii  Ldeetnjdes  through  a  solution  of 
copper  sulphate,  produce  upon  neither  electroile  a  copper  pre- 
i'ipitflti',wlijrh  would  necessarily  form  if  nno  current  transferred 
u  greater  quantity  of  electricity  iu  uue  direction  thaa  the  other 
to  the  opposite  (Jiroction.  A  galvanometer  also  gives,  both  for 
the  o]»eniiig  mid  for  the  chwing  currents,  the  name  deflection, 
though  in  op|H_isite  directions;  for,  since  the  duration  of  both 
induced  currents  is  I'ar  shorter  than  the  time  of  vibration  of 
the  needle,  in  both  cases  the  entire  qiuintity  of  electricity  dis- 
charged by  the  current  acts  relatively  instantaneously  {balUstii 
ffolmncmeter).  When  the  interruptions  of  the  curroDt  follow 
each  other  iu  rapid  ouccessiun,  the  needle  remaina  at  reet, 
hecauKe  the  up[Ki!iite  impulses  neutralize  each  other. 

The  distinction,  therefore,  between  the  opening  and  the 
closing  current,  consists  in  the  fact  that  the  discharge  of  the 
aamo  quantities  of  electricity  durin;f  extremely  short  intervals 
of  time,  iu  both  eases,  requires  relatively  a  longer  time  for  the 
latter  current  than  for  tlie  former. 


S46.  Stt«ni«E«iit  9f  ttL«  Gttlvmalo  Ktdatuica  Is  ElactmlTtu-— Af  vfoa  mat 

mciitiorcti,  the  nitvnialiiii:  oiri'<;tit^  vT nn   iniltii:ti<^'ii   voil  vri  viuK»n^  tliruu^  a 

litiuH,  (Iu  notcaunt;  clifuiLcul  ilucviiiuHjnitiijct,  and,  coiutM^iKatJjr,  nv  jwlaxiiatifPti 

ia  [iroducvil  ly  tliviii.     If  v-i.'  bIiuuIJ  uttvui^t  to  d«t«mua9  tli6  FHulanoe  of  n 

uid,  by  thu  t>ri<4;e  ucUiod  i'm'J'),  mth  the  mv  ot  the  ordinAty  nlvaoic 

mat  ("coDstAnt  curronl"),  tho  cummt-ftroiigUi   would  b«  fonxn  to  be 

weakened  not  on]}'  by  Otv  rciUtancc  of  tho  liquid  itMlf  bnt  abo  hj  Uie 

icnctlon  of  pdliiri/^tion,  niiU  the  rocMiued  rwiatoucs  would  U'  found  too  ^cat, 

Tliii  diAk-iilty,  dite  to  p^lnriuilioii.  it>  avoided  by  nplanu;   t)i«  cooatknl 

UturrvnC  l>y  nn  indtiovd  alt«ni4ititi]^  curreiit  (F.  Kohlnaidi,  1868).     B«itii»tc*d 

toT  iuMniii);  ill  llie  I'rid;;u  a  :;ah-njioiDetcr,  viibh  with  allenuitiDe  ouircnti 

bves  no  ddlcctioD,  nn  cl ectr cm l>-uAnio motor  (266)  miHt  li«  taei.    Siace  ta  ibu 

iwIflDoid  obd   in  llio  mnlti[)Ucr  tbc  (.-unonti  org  monad  dtaultanMiialy, 

dofiectiaa  alwnya  taken  place  in  tho  nmu  dircotlou. 
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But  a  new  diflinihy  aiUtiidx  thiti  n]ifi)tcjiiioii  of  iilUinulinK  currants.  In 
llie  coila  of  ilio  ii?siiilance-buieH  (2'2^j  useA  fur  iiiPosiiiTtii;;  puqxiwB,  the 
dectioniutive  force  or  ttie  ?itra  current  r«ict«  «gnii!st  ilie  onaina!  electro- 
motivH  forcw.  The  iiiteDsity  is  tbcrel'V  ilimiDiiified  anil  tbe  rMntxnce 
a|i|iur«iitly  iiii;n)»»iO'l.  'I'u  i>tvvi'iit  this  disturbing  I'flVct  of  self-induction,  Uiu 
winding  in  micli  tlnit  ihv  nirnn  ufnvoi-y  pdir  nin  in  oppomitL"  ilircctions.  This 
ll  socomjjlialied  by  hiTiulint^  Uiit  nim  ut  iCr  rnidilti)  And  nimlitig  it  •lonMir. 
TIm  e.^tra  ctureuli  in  niiiglilitiiirin;;  niiidiii[;!i  llir-ii  iiititiiailjr  iloHtitiv  vich  Otliw, 
and  the  coil  is  said  to  bo  wound  hifilarly,  OTjret/ram  iriJtietioit.  The  BUtg- 
nnUztng  effect  of  ilia  coil  h  aUo  deslroyedby  liit*  inoiK*  of  winding. 

267.  Phyiiologiool  Effeeti  of  Indneetl  Current!. — A  galvano- 
meler  is  not  neeiled  tti  prove  the  exi&toTico  of  iiidnooti  currents. 
'I'heir  effei-I.-*  are  ilirectly  pevt-eptihle  to  us  through  their 
dtnitig  crtc*'ts  iijKJii  the  iutvgs. 

If  one  fpiu(p»  with  the  hiktidiii  the  \h)U-:a  of  h.  ^iTanic  liatterr 
whose  electromotiTO  {othq  in  not  too  small  to  scDd  a  current 
through  the  body,  a  twitching  sensatiuii  is  felt  at  the  Tnoment 
of  dosing  the  current.  A  nirreiit  flowing  with  ismstBiit 
intetisity  ihnmgh  the  body  produces  no  Mmwtion.  \  seiTond 
pricking  seusutiuu  ocours  on  lotting  go  of  one  or  both  of  tbe 
poles,  thereby  interniptiug  the  ciirreut.  An  invariiiMe.  or 
constant,  current  protlucea  no  perceptilde  efleet  on  the  nerves: 
but  its  beginning,  nr  ri^ariing,  or  any  altoriition  of  it.s  intensity, 
erukes  a  response  from  the  nerv<ms  syiiteni,  which  becomes  more 
jirononm'tvl  tht?  more  -iiiilden  the  change.  From  this  it  is  seen 
why  thu  dirtt^harge  of  a  Leydeu  jur  is  »o  keenly  felt ;  the  verv 
small  electrical  iii&ss  coudeotted  in  the  flask  to  a  high  potential 
ditichargos  in  un  extremely  short  time,  geuemting  an  electrical 
(•urrerit,  incrwusing  with  great  rapidity  to  its  fnll  intcusitv, 
nn<]  then  dropping  again  ju^t  an  (juickly  to  zerix  8ineo  the 
indtii'eil  enrrent-f  am  lilc^wiiie  of  ithurl  dumtioii,  and  within  thiii 
ehurt  time  they  mjudly  ri^u  and  fall,  in  epitu  of  the  small 
electrical  mass  sot  in  motion  by  them,  they  proiluce  a  Teiy 
strong  excitation  of  the  nerves  of  animajg,  or  a  pronouneed 
"physiological  effect,"  which  i»  heighteiit>'l  by  the  opening  an<l 
closing  cnrrcnts  set  in  motion  in  rapid  sucire.'v<iii>n  through  the 
Ixidy  by  the  incessant  play  of  the  Intt-rrnpter.  The  more 
inttmseand  more  rapiilly  itisi-harging  ojicniiig  i-urreut  prodnces, 
theii,u  far  .stmngeicflcutthun  Joe^  the  closing  current.  To  pass 
indaced  currents  through  the  humnn  body,  cyUndriol  brtt8s 
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hanJIes  are  urdinartl^  coQnected  by  metallic  nonls  to  the  oii<l« 
of  (be  Liidufrtion  coil,  tUe  banOles  beirij^  grasped  with  moisitencd 
bfimly.  Ill  esse  tii  t'ueble  RtirreiiL!),  ouly  a  prickling  sensation  \a 
(el I, » li ilu  tt itb  struuger  current* crsiuiHiig  miwciiltir  ctintrnrt ion« 
are  experieii(»tl.  Ou  account  of  tbeic  effect  u|k)u  tba  nerves, 
imiiiceil  rnrcciit»  ore  extensively  u^ed  in  theprficticoofniefiit'ine. 
In  iiiediujU  piLrluiK'C,  these  currents  are  named  for  Famdavi  tli« 
diwttvcrer  of  indiiction. "  I-'araday's  currema  "  and  the  trcatmont 
of  lUu  htiiiiiui  Itody  by  nii>anx  of  tliem  is  vatlE>i)  "  famdixiiig." 

268.  Induoiag  Apparatos. — To  procure  imhipefl  currents  of 
high  [joieuliat  (vlvt^lruuiotive  force),  the  primary  cnil  \*  made 
of  thick  wire  with  but  few  turns,  so  that  its  resistance  may  bo 
amall,  and  consequently  the  strength  of  the  primary  current  oa 
great  »»  iK>ssible,  while,  on  the  eiintrarj',  the  uecoudary  coil  ia 
mado  of  a  large  number  of  windings  of  slender  wini,  bRoause 
electromotive  force  increases  with  the  number  of  windings. 
The  sliding  meL-hanism  of  Diibnis-IteymoiMl  (Fig.  237)  i*  an 
inducing     apparatus     especially  ^ 

atlapted  to  medical  purposes.  The  j$^  ^ 

secondary  coil,  N,  whoae  wire  fff^T^ 
terminates  in  the  bindiug-screws. 
(I  and  h  (for  tioniie{!tiDg  the  nires 
nuiniug  ta  tbu  handles),  is  fixed 
bu  the  IxMird,  K,  which  slides  in  the 
grooves  (^)  of  the  baseboard.  It  ^"^  2!»T.-aiidiuK  A,.p«»w^ 
can.  therefore,  bo  drawn  at  will  wholly,  or  jwrtially,  over  the 
primary  wtil,  \\,  which  is  held  horizuutally  by  the  vertical  b.jard, 
li.  The  strength  uf  the  indiice<l  currents  may  be  altered  in  thia 
nay  to  suit  the  needs  of  each  3])ecial  caie.  The  inlemii>tion 
wf  thu  primary  current,  whose  polo  wires  aro  scrowod  into  the 
biuding- posts,  o  and,  d,  is  efleetod  by  the  magnetic  hammer,  31. 
The  ends  of  the  jirtmary  are,  furthermore,  oonnected  «-ith  the 
binding-serewti,  «  and  /,  to  which  the  wires  of  the  hamlles  are 
attafhiid,  when  it  ia  deaired  to  use  the  in<hice<l  exira-furrent  in 
tlie  primary  ntre  itself.  At  each  iutemiption  of  (ho  primary 
eurrent,  the  accondary  uurront  dtschargoa  through  the  Hocondary 
eluaing  wire  betiveen  e  and/. 

The  iuduciiig  effect  of  the  primary  coil  is  very  materially 
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iiiteiiaifieci  l>y  insKrting  r  liar  of  soft  iron  into  \\s  central  ciivity. 
The  ori};inal  priniarj'  nirn-nl.  mngTietues  the  iron  core,  M.  it 
i!umiK]t»  thf  littlti  cirrulAT  mirr^tits,  nliii-h  Aii]]>ere  siippcisee  to 
stUTound  the  molecules  of  iron,  to  assume  its  own  diK-ction  of 
flow.  After  its  L-esstitiun,  however.  Iheso  oiirrente  retiini  to  their 
former  iimtrfmnizwl  jHiiiiiionK,  and  the  iron  core  loses  its  mag- 
netism. The:ie  molceiilat  uurreuts,  first  becoming  directed,  and 
tlieii  Iiwiug  their  direirlion  ii|^'aiii,  excite  in  the  socondjiry  coil  in- 
duced ciitreuts  nLicli  are  lUie-directed  witli  thow  simiiltaueously 
induced  by  the  |irimarj'  current  directly,  and,  acoordingly, 
Birongthen  them.  This  advantage  uf  ihe  iron  c<jre  is,  however, 
jiartially  neutralized  by  a  detrimeutal  elVect,  also  due  to  it.  A« 
would  be  the  c&se  with  any  continuous  metalUc  mass  iuiterted 
within  the  primary  coil,  cnrrenls  are  induced  iu  Ihc  iron  bar 
on  fitarting  and  stopping  the  primary  current.  Those  induced 
currents,  passing  from  molecule  to  molenule,  encircle  the  cii- 
ciimfereni>e(if  the  lar,  retard  the  riKeand  fall  both  of  the  primary 
current  it.>wlf,  and  also  uf  the  magiieliitiii;;  eflwyt,  and,  ac<x>rd- 
ingly,  thoy  prolong  the  duration  of  the  induced  riirront«  arising 
in  the  secondary  coil.  This  process  leaves  the  (jnantity  of  elec- 
tricity in  motion  unaltered,  but  reduces  its  ]H)tc-iitial.  The 
development  of  theye  injurious  (Foucault'sJ  currents  may  be 
avoided  by  constructiug  the  core  uf  the  primary  coll  of  a  bundle 
of  slender  iron  wire^,  insulated  from  one  another  by  coatings 
of  varnish,  instead  of  using  a  single  thictk  liar  of  inm.  The 
retarding  currents  circuiting  the  inm  cure  do  not  now-  arise. 
The  induced  currents  in  the  Becondary  coil  assume  the  desired 
direction,  and  act  much  more  strongly  ujwn  tte  ueires  than 
would  be  the  cose  with  b  single  ma^i  of  iron. 

S69.  Sparking  Apparatus — Inductors. — If  the  ends  of  the 
inducing  coil  are  not  eunuected,  the  electririties  set  in  motion 
by  starting  and  stopping  the  primary  current  wlloct  here  in 
the  secondary  wire  and  produce  the  phcuumona  chanicterirfic  of 
electrical  potential.  When  tested  eleetroscopically,  either  end 
appears  to  be  charged  alternately,  jKisltively  and  negatively  in 
rapid  nuccession,  according  as  the  collet^ted  electricity  is  at  the 
instant  due  to  the  opening  or  to  the  closing  current.  When 
the  tension  becomes  aiiflicientJy  high,  sparks  pass  from  either 
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enil  vS  the  uiteu  MHromlary  coil  trj  nn  approarheJ  coudui-tw. 
Tbia  discbargeii  eloctrioity  in,  hgwever,  always  due  to  the 
«i|iening  L-iirreiit,  i"(.r  this  olono  Qtloins  a  sufticient  potential 
h>  fort-e  a  spark  thriJiigli  the  intorvemug  alniospheric  layer. 
(>n  mteipusiug  a  layer  of  air,  one  ond  of  the  induction  eoU, 
m-txirdingly.ttppeura  always  [jositive,  and  theotlierend  negfttive, 
ior  which  reo^tuu  tliey  iiitj  dusignati'd  nppoaite  electric«t  pedes, 
or  "  electrodes."  Inducing  ap]«artttus  oxhiliiting  the  phcni»aien« 
ol"  tension  thus  Hli-Diigly  are  c-allod  epariiiny  apparatus,  or 
iiuluctors.  UhunikorfTs  inductor  is  represented  io  Fig.  'ISA. 
Toaecuresufllciently  high 
potential,  the  iiidiu-tion 
coil  is  uui'ie  ot'  a  great 
number  of  windings  of  line 
wire,  while  at  the  Haoio 
time  uHTw  Ls  taken  to  re- 
move as  far  as  possible 
Ihn  eflert  of  the  upening 
extm-viirrent.  Tim  uffwt 
retanis  the  dLiappearance 
of  the  primary  current  by  the  fotuiation  of  sparks  at  the  break- 
piece.  Tile  n-'dudioii  of  this  elfeot  i^  aeeompIlHhed  ly  connect- 
ing two  puiuts  of  the  primary  wixe,  ooe  on  either  aide  of  the 
break<piei:-e,  to  the  r-uatings  of  a  condenser,  which  constitutes  a 
part  of  tlie  apimraluit.  The  tMudeuser  nl)sorb8  the  two  elec- 
bieitieif  of  the  extra-current  on  oi)oning  and  permits  them  to 
flow  back  again  on  closing.  The  poles,  A  and  U,  of  the 
induction  (.-oil  are  eoiiuected  with  the  insulated  hindiug-acrewii, 
O  and  D.  into  which  the  [M>le  wired  may  Iw  screwed.  If  the 
ends  of  the-se  wires  are  uppronched,  a  brilluiut  streani  of  s|nrka 
|Mt8ses  bctwt-cn  thoui,  similar  to  those  of  the  intluonc^u  machine. 
When,  as  with  the  iullueni-e  machine,  the  poles  are  conuucted 
with  the  coatings  of  a  I^ydeii  jar,  asucceoaiou  of  crackling  siiarkf 
ia  obtained.  A  large  T^yden  battery  may  aUu  lie  chargetl 
very  ipiickly  by  the  aid  of  tbia  apjtaratua.  By  meaiiH  df  the 
«I<arking  ap[Hiratii!<,  tbercloTe,  it  is  possible,  with  the  help 
of  u  gulvauit.-  battery  of  low  potential,  to  reproduce  all   the 
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phenomena  of  frictional  electricity,  which  depend  upon  high 
[wtential. 

270.  Geissler'a  (Plnecker'i)  Tubes. — Very  remarkable— but  as 
yet  insufficiently  explained — luminous  phenomena  are  produced 
by  discharging  the  sparking  apparatus  through  rarefied  gases. 
The  gases  are  ordinarily  enclosed  in  glass  tubes,  into  which  plati- 
num, or  aluminium,  wire  electrodes  are  fusefl  at  proper  places. 
These  electrodes  terminate  outward  in  books  to  receive  the 
conducting  wires  (Gassiott,  1854 ;  Creissler  and  Pluecker,  1858). 
One  of  the  simplest  of  the  manifold  forms  given  to  these  Geissler 
tubes  is  reproduced  in  Fig.  239.    If  the  tube  contains  moderately 


FiG.  239.— fieiislcr'a  Tubes. 

{e.g.  to  TTiVi^  rarefied  air,  and  the  electRides  are  i-onuected  with 
the  iwles  of  a  sparkinjr  apparatus  (or  of  an  influence  machine"), 
the  negative  electrode  ieathode)  appears  surrounded  by  a  mellow, 
deep-blue,  luminous  envelo|>e,  called  the  (jloir-Ught  (of.  178V 
From  the  positive  electriMje  {the  anode),  however,  issues  a  peacb- 
red  sheaf  of  light,  extending  through  the  entire  tube  almost  to 
the  negative  enreloj*,  but  remaining  separated  from  the  anode 
by  a  dark  intervening  s|«oe.  (Jnite  frequently,  especially  when 
vapours  of  oil  of  turpentine,  carbon  disidphide,  or  other  com- 
bustible gases,  are  present  in  the  tube,  this  sheaf  appears  to  be 
deconi[«osed  into  a  succession  of  bright  and  dark  layers,  lying 
perjiendicularly  to  the  axis  of  the  tube,  and  appearing  to  advance 
with  a  wave-like  movement  from  the  positive  toward  the  nega- 
tive jvle.  With  reference  to  an  electrical  current  bnmght  near. 
or  to  a  magnet,  the  positive  sheaf  of  light  c^^mports  itself  as  a 
movable  tvuductor.  It  is.  for  example,  deflected  by  a  magnet, 
acconling  to  the  same  laws  as  a  movable  conducting  wire,  and 
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r;>tate«4  coQtiniioiisIy  abuut  a  magnetic^  pole.  Thiit  may  be 
CiwiTeniently  shuwn  by  means  of  the  devicf  »if  Fig.  2-Ul.  Wilbin 
iin  egg-shaped  glass  reeael  eimtaiiiinp  siifficioiitly  hifrbly-raretied 
wir,  is  iuHerted  au  iron  bar,  K,  covorotl  v.ith  n  (tlaw  eiirelnpe. 
The  (.'urrout  flows  parallol  to  the 
iron  huT  between  the  platinum 
electrodes,  tlie  one  of  which,  a,  is 
attacheil  to  the  upper  end  of  the 
fgg,  nhile  the  other,  6,  eTicircles 
the  iron  bar  farther  below.  If  the 
t'gg  U  plnccd  upon  the  polo  of  aii 
flectro-niBgnot,  M,  the  inm  Ixir 
I>ec(»mes  magnetic,  and  the  sheaf  <if 
light  nitatcs  abimt  the  Itar  pn-eisely 
h.s  docs  a  conducting  wire  (-12), 
with  niovablo  smpcnsion.  The 
direction  of  rotation  reverses  also 
whenever,  liy  means  of  tlie  commu- 
tator, K,  the  [xiles  of  the  electnf- 
magnet  are  intenrhangod. 

Allhoiigh  a  (icissler'n  tube  ap- 
pears to  emit  its  moUow  light 
(■(►ntinuonsly,  it  is  really  comjiosed  uf  ii  rapid  supfossion  of 
sudden,  though  distinct,  discharges  whoso  images,  falling  upon 
the  same  part  uf  the  retina  of  the  eye.  fnsvi  int4t  a  iiiugltf 
iMntimioHs  luminou-s  impression.  If,  lin«-ever,  the  tnlie  i.-* 
lutaled  rapidly  about  OQO  end  with  tho  aid  ur  a  cvutriitigal 
machine,  so  that  the  images  of  tho  individual  dischat^es  mar 
fall  ujHin  different  (mrts  of  the  mtiiia,  n  brilliant  ^tar,  foimed.  mt 
il  were,  of  many  luuiinoiis  tulieK,  may  l>o  seen. 

The  (.-olotir  of  the  iKaitiTO  light  %'aries  with  the  uimstitii* 
tion  4if  the  gas  in  the  tube.  With  hydrogen  it  i.s  nMldixli 
{tiirple;  with  carbonic  acid  it  is  givenish.  Tho  light  ia,  hon- 
cver,  always  rich  in  th<i.5e  violot  and  ultra-violet  rays,  whicli 
are  cepablo  of  producing  that  peculiar  ^elf-linuinosity  of  gloss 
knownag  ••  fluorestwice."  By  cvm.<tructing  portions  of  llio  tube 
uf  BtroDgly  Hoorescent  glass,  e.jf.  of  bright  green  nraniuni- 
glesit,  prepared  in  ornamental   furmit.  the  ex<iui»iiene«s  and 
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variety  iif  tlic    phoiKimena  may   be   very   consideralily  mig- 
mAntod. 

WliCa  thp  flir  in  a  tube  is  still  further  rawfiwl,  us  in  tlio 
urdinciry  Geisslor's  tube.  iLo  blue  negative  light  and  the  dark 
space  so|)Hratin^  it  frnin  the  positive  light,  extend  much  farther 
toward  the  positive  pole ;  while,  at  the  same  time,  the  positire 
light  p-mhially   becomes  feebler,  and    finally  vanishes  com- 
pletely.    While  the  positive  current  of  light  in  an  rmiinary 
tieisslerV  tube  effects  an  electrical  cj»mieetion  between  the 
electrodes,  judt  an  a  movable  conductor  does,  ami  fullow's  all 
of  the  accidental    windings   of  the   tube,   propagating    itself 
even  in  tubes  where  the  air  is  raretied   to  one-millionth  of 
an  atmosphere,  the  negative,  or  cnOtode  light,  passes  cmly   in 
straight  lines  (cathixle  rays),  radiating   perpendicularly  from 
the  surface  of  the  cathode,  and  is  wholly  imintlucncci   in 
direction  by  the  [uisition  of  the  anudd.     Orooke  (1879)  used 
the  following  device  to  prove  the  existence  of  this  pei'uliarily 
uf  cuthoJu  light,  which  was  discovered  bv  HittAirf 
^^  <I86B).    In  th6  V-8hai)ed  tubo  (Fig.  'Ml),  throe 
wirca,  a,  b,  e,  are  melted,  each  of  which  oarrift* 
a  small  circular  plate  of  tin.     If  a  is  connected 
with  the  negative,  and  b  with  the  positive  pole 
of  uxi    inducing    apparatus,   tho   negative    light 
passes  in  a  straight  line  oulj  to  c,  where  it  does 
fift.  Ml.—      not   turn  the  comer,  but  when  a  is  connected 
Owkea  Tul«.  ^,j,jj  jj^g  positive,  and  c  with  the  negative  pole, 
the  negative  light  issues  in  a  direction  perjwndicular  to  the 
cathode  plate,  e,  and  roetilinearly  toward  i,  ap]>arently  without 
any  regaril  whatever  to  tho  jiositive  electrical  charge  at  a.    The 
estteutial  dilVcreni-e  between  the  electrical  discbarge  in  moder- 
ately, and  in  very  stixmgly  nirefie«l  air,  may  be  very  clearly  jior- 
oeived  with  tho  tvrooqnal  spherical  vossoU.A  and  R  (Fig.  242k 
tho    former    being   exhaustwl    to  a  miMlenit*  degree,  2  mm. 
mercury,  and  the  latter  to  aU)Ut  one-millionth  of  an  atmosiphere. 
^\llen  the  i-up.sbait«d  electrode,  u.  is  connected  with  the 
negative  pole  and  the  electrodes,^,  c.  J,  ia  umi  with  the  posi- 
tive pole,  a  red   heam  of  light,  passing  fMm   the   positive 
electnde  towards  the  negotivo,  is  seoo  in  the  first  vessel,  and 
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lit  tW  Utter  electrode,  the  blue  negative  tmniDouii  eiiveLo{ie 
uiipoars,  while  in  the  other  vessel,  the  positive  luminous  Hheatb 
is  not  seen  tit  all.  Tlie  rays  of  cathode  liglit,  however,  emanato 
trom  the  ciip-ahajHil  negative  electrode,  couvergu  into  the 
centre  of  the  sphero  of  whirh  the  electrode  furms  a  part, 
whence  they  jirfn-eeil  in  a  diyerging  cone  and  produce  opoii 
the  opposite  wall  a  spot  uf  groen  phosphoreaceiit  light,  accom- 
panied, however,  by  the  nensation  of  hoaU     This  path  is  tnkeii 
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by  the  crathodo  rays,  no  matter  which  of  the  wires,  h.  e.  or  d, 
\*  made  the  anode. 

Where  the  rays  of  the  cAthodu  light  impinge  n]N>ti  the 
walU  of  the  vosst;!,  they  escito  the  ^la^s  tt»  vivi<]  M?lf'ltiiuiii(»ity 
(fiuoresccaeo  uud  photphorcscenoe).  Thuriagiou  gloag,  from 
which  these  vessels  aro  usnally  preparefl,  shines  with  a  hrilliant 
applo-^coii  ciilotiT ;  nmniimi  (^lass,  with  a  dark  greeu ;  and 
KngUsh  glass,  wJtli  a  blue  colour.  To  observe  the  phosphtir- 
escenoe  of  otJicr  btxlies  mider  the  action  of  ratliodc  niv-s,  they 
aro  enclosed  in  tubes  such  as  l**i^.  2i'\.  Ruby  and  calk  ajur 
;4hin«  rod;  diajnood,  bright  green;  cUme,  emerald  green,  and 
jwctolite,  yelh>w. 

The  rays  of  eathode-li^ht  are  intercepted  by  solid  bodies. 
In  the   [war-shaped  vessel  (Fig.  *J44).  the  positive  electrode 
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terminates  in  a  cross,  i.  cut  fmm  a  iil»te  i>f  aliimininm.  Sim-o 
im}y  the  mys,  ad,  uf  the  mtbiHlc,  a,  nrrivo  at  the  opjHisite  wkII 
and  excite  phosphotesceuce,  a,  iltirk  Hha'low  of  the  cross  is  tbcrtt  i 
f^eeu  upon  u  Ijright  green  brtokgn.mid.  If  now  tho  cro88  in' 
Lnrneil  ahmit  the  hinge  by  gently  shaking  the  apjmratus,  tux 
that  the  rectilinear  trathcxle  rayo  Hlnke  the  opptiititc  wall  ini- 
ututructeil,  the  furuier  dark  ciusa  it  ill  appear  bright  ii[hju  a 


Fin.  SM.— Orooke'a  Tube. 


'larkor  ground.  The  glass  has  beconje  heatetl  at  tho  plnccs 
vt'here  the  rays  iormcrly  impinged  nptm  it  and  bus  thiMchy  lost, 
in  pert,  tta  phosphorescent  character.  The  portion,  however, 
whiph  was  previously  shailed,  has  not  yet  l»een  fatigued,  hut 
still  pd.ssojise!'  sn5<.'<>|)tihi!ity. 


Fio.  2t5.-Cro<.ko'B  Tube. 

The  cathode  rayx  exert  an  impact  U|)on  a  body  against  which 
they  fall  and  ate  therefore  ohle,  as  Crooko  discovered,  to  pro 
(hi(«  niccbauical  cflTecta.  In  the  lube  of  l'"ig.  245,  a  glass  tra«.*k 
is  lisc<l,  »!»<«)  which  a  suiftll  wheel  with  mica  pa'ldlea  can  roll. 
When  the  electrodes,  sitnated  just  above  the  track,  ate  con- 
nected with   the  poles  of  an   indncing  apparatus,  the  wheel 
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ta  driven  fmni  the  oathoile  toward  the  auode,  ns  thuugb  h 
current  of  air  wetu  xtrikiiig  agaiiist  the  upper  [toddles  in  the 
diTeotion  from  the  ftiniier  tn  the  latter. 

The  Degatirc  streaui  of  lij^ht  in  Hiihject  alsu  to  the  action  ul 
«  magnet,  comporting  itself,  atx'ordiug  to  llittorf,  ns  a  rectt- 
iinoar  beam  of  stiff  fibrai  with  one  i>f  its  onds-at  tho  cathode, 
while  the  iHwilive  Htreiuii  r&'iembles  a  flexible  fonduetor  with 
both  eDdn  tixed.  Parallel  lieamit  of  cnlhoilf*  rays  mutually  repel 
<»no  another. 

A  l>ody  iimirented  iu  t-athuile  ruy»  bct^omea  heated.  If  in  the 
gla.-ts  globe  \X'\%.  2't2,  B)  a  piece  of  plutinnm -iridium  is  placed 
at  tho  ventre  of  curvntiirc  of  the  <-up-shapcd  nefrative  electrode, 
a.  it  18  raised  to  whit«>  beat,  nnd  linnlly  tuelt«d  by  the  tym- 
densed  eathufle  rsyi^i. 

The  phenoninm  of  the  cathode  light  are  most  jwrfectly 
■ilevoloitod  at  a  de]f;;ree  ul'  rarcfmrlioi),  i-nrres|)OTidiDg  to  a  ijro^ 
euro  of  one- millionth  of  an  utmopphorc.  Beyond  thia  they 
beeome  weaker,  and  in  a  j<erft>i-t 

vtteuTiiii  no  elei'lricity  wlmti-ver    .-i — X  —       — ^a.- 

pa*^.     At  one  ei,d  of  th..  Ii.be  ^..^^  s«_c«c*«--  TuU. 

(1-ig.    ^ibl    a   Hiiiall    auxihury 

tube,  £,  is  blown,  (^'oiitaining  fmgmeata  of  oaleiuu  hydroxide. 
If  the  tube  is  filled  with  carbonic  aeid  fjaa,  and  exhausted  as 
far  aa  poattilile,  while  k  ia  heated,  the  residue  of  (Mrbonic  a<?id 
goa,  not  removable  Ly  the  air*pump,  will  be  absorbed  by  the 
liydruxide  when  it  again  vnsn^i.  There  nill  then  be  uo  stib- 
Btauce  whatOTer,  to  conduct  electricity  Iwtween  the  electrodes, 
n  and  jr.  l^leetricity  no  longer  pORses,  and  tho  tube  remains 
'lark.  If  the  tube  bo  slightly  heated,  wator-vapour  is  deve- 
to[)ed,  and  thoTo  appears  then,  first  the  eathode  light,  and 
later,  after  coiiHidembly  further  heating,  follen-  the  positive 
rays. 

The  cathiwlo  raya  noie  euppojied  to  !«  confined  to  the  space 
within  the  tube,  ho  that  bodies,  to  be  exposed  to  their  eflect. 
had  to  be  eiiclfvsed  also  within  the  tul>c,  until  Ixsnard  (1S03) 
succeeded  iu  roleaniiig  thorn.  After  Hertz  had  found  that  thin 
phites  of  metal  are  transp&jeat  to  the  cathode  rays,  T.euanl 
faatencd  in  the  wall  of  a  ITittorfs  tnbe  a  thin  aluminium  plate. 
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ami  tlimiif^h  tliLs  dark  "n-indtiw"  in  a  tnuispareut  wall  tbp 
cnttiuflo  rays  iwssed  outward  Into  tlie  nir.  and  excit«<l  it  to  a 
difTtue  luminosity. 

Roeutgen  (1896)  eurrounded  u  Hittorfti  tiilie  with  blawlc^neil 
opaque  cardboard,  and  found  that  a  flnoreKcent  sidwlaiiw.  <".i7. 
Iwriiira-plstinum-cyamdc,  bnmglit  near  the  apparatus,  shines 
liriglitly.  From  those  places  of  the  ^laat  wall  i»f  the  tube, 
where  the  cathode  rays  impiafrc,  an  invisiblo  radiation,  thorcfore, 
iaIcgs  plawj  whi(>li  penetrate.^  tho  cnvolopp  of  o^iTdttoard,  Thesip 
Roentgen  rwj»  differ  inym  the  nathode  ravs  in  that  ihetj  are  not 
deflected  fit/  a  mayii«f,  AH  hiHlies  are  mure  or  lew*  transparent 
to  thoiii.  They  pa-ss  readily  thnmyh  jmikt.  »<K>d.  Icutber.  haril 
riibbet.  and  also  thrott^h  uieUdlic  plates,  nlten  the  plates  are* 
not  t^jo  thick.  With  the  same  thiokupsa  n!'  plateft,  the  trans- 
[lareDcy  is  very  essoutially  dependent  ii|vm  the  deiiBity.  J-*ad 
in  praL'tieally  impenueable  tu  these  rays  in  plates  of  1-3  mm. 
thickness,  while  ten  times  as  thick  a  layer  of  aliiraininm. 
thouffh  wenkeninE  their  efiert,  dijew  not  wSolIy  deatrny  it. 
Koeut;;en  further  sboired  that  these  rays  are  neither  re^i^LlArly 
peflticted  nor  refracted. 

VThal  is  oapeciftlly  interesting  is  that  ordinary  ])hotop;raphic 
dry-plates  are  snsceptible  to  Itoentgen's  ray.",  su  thai  tbeir 
phenomena  may  l.>e  |)enuaiiently  ttsiEHl.  Since  the  rays  pa»« 
through  wood  and  paper,  almost  without  modification,  photo- 
(,Taphs  i&ay  bo  made  with  closed  plato  ca^os,  or  upon  plates 
wrai»ped  in  block  paper,  and  rveii  in  a  light  room.  Metallie 
objeota.snohas  the  brass  weights  of  a  balance  encdosed  in  wooden 
canes,  or  coins  in  u  rinsixl  pursi>.  imprint  tht-ir  images  upon  the 
sensitiined  pinto,  sineo  the  rays  j)enelrat4;  vntod  and  leather  in 
^uDicient  ([uautitios  to  blacken  the  sensitized  film.  On  the 
contrary,  those  object**  which  ate  pttttially  covered  by  metals 
are  more  or  less  imperferftly  photograj)he(l  lit  the  places  covere"!. 
If  the  hand  is  placed  iii»on  the  wooden  co\er  of  the  case  cron- 
taining  the  plates,  or  ii[vm  the  blackened  paper  eiiTcloping 
thorn,  there  appears  trpon  the  plate  a  s'hadowy  image  of  the 
iKioes  of  the  hand  which  showa,  in  the  poaitire,  the  dotk 
ahadowH  of  the  htmrn  within  the  loss  darkened  image  of  the 
liiuid,  because  the  rays  [lenetrate  the  softer,  tieshy  portions  of 
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the  hand  uore  readily  than  they  do  the  hoacs.     A  gold  ting ' 
appears  as  a    gauKC-like    image    floatiiifr  freely  about    the 
finger. 

&7L  Magneto-Electrical  Uachines. — To  jinxliice  electrical 
currents  by  magnetic  indactinn,  it  '»  mast  advimtageons  to 
^\yi:  thn  steel  magnet,  as  also  the  iroii  irore,  a,  insorteil  in  the 
iiidnotion  coil,  the  form  of  a  horaoshoo  (Fij*.  2*17).  About  the 
ends  of  the  bronehcs  of  tlic  core,  two  rolls  of  wiro  aro  wound 
and  cunneoU'd  with  eatih  other.  Tlie  alternate  appnwwh  an<I 
TBCession  of  the  mtignelir  pole  is  efferted,  either  by  turning  the 
juagnet  (Pixii,  18IV2),  or,  still  better,  by 
turning  the  core  alioiit  the  mid-liiie,  ah, 
liarollcl  to  its  branches  (Clarke,  IS;J6).  If 
in  this  manner  the  iron  core  is  rotated 
rapidly,  the  coils  surrounding  it  are  traverse*! 
bynltornattdy  ttppoiiite  induce^l  vnrrents,  their 
diroclienH  being  revonied.  whenever  the  jioles 
of  the)  ooro  ntimd  itpixisito  tn  tliOMc  (if  thi- 
magnet  .Such  a  magntto-elecincal  niachitw. 
or  nuftor,  therefore,  furnishes  alternating 
(•urreuta  dirot-tly.  To  give  the  alTemately 
o|][>o«iite  cnirente  in  the  coiLi  tht>  iAnw  dirt.'Otion  in  the  outgoing 
circuit,  a  commutator  is  put  upon  thf  axis  of  rotation  with  the 
sauie  arrangement  as  is  represented  in  the  model  (Fig.  220)  of 
au  elect  ro-tuagnetic  motor.  The  latter  uiay,  indeed,  be  n^rded 

'  indifferently  aa  a  model  of  a  magneto-electrical,  or  of  aa  electro- 
magnetic, motor.  When,  ■>□  the  [lassage  of  a  battery -current, 
llie  armature  of  the  motor  turua,  a  current  directed  oppntiilt^  to 
this  is  induced  in  the  coils.  This  latter  current  weakeus  the 
curront  from  the  battery.  The  work  j«rfomied  by  the  motor 
correM]wmfl3  to  this  loss  of  Vun-ent-eiieigy.    When  work  is 

,  expended  to  turn  the  armature,  .VK,  against  the  electro- 
magneti'^  forces,  a  current  is  iudneed  in  the  coils,  whose 
(tiretniou  ia  the  same  a-i  that  of  the  galvanic  current.  The 
latter  current  is  tliereby  strengthened.  'ITie  work  jierfonned 
«:orre8]x>nd»  to  this  increase  of  current-ent'rgy.  When  no 
galvanic  current  Is  present,  an  induced  current  artscs  on  rotating 
the  armature  within  the  coils  if  the  circuit  is  closed.    This 
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oon'onl  is  indli^ted  by  a  j^lvanonietor  in  i-ircuit  with  the 
coils.  Tlie  induced  current  alw  rexiittft  the  mution  of  the 
aniiAture. 

Any  ma^eto-electrical  niutur  in&y  l^e  used  also  as  on 
oloptromagnetic  motor.  If  a,  onrr«nt  is  sent  through  it,  the 
mechgnisni  begins  to  move  and  to  perforni  itieoliauitail  work. 
tf  it  lie  set  ill  motion  by  the  applicalion  to  it  of  work  from 
without  it  fiiruishea  a  ciirreiit.  All  the  electroma^oetic- 
rotating  apporatnd  hithei't*i  referred  to,  e.ff.  Barlow's  wheel,  olc. 
when  moved  Ity  an  uxlerual  fon-e,  hcronH:  ma^iKto-clectridtd 
apparatus. 

To  secure  a  stronger  effect  by  mcanj?  of  niagtieto-electricol 
niotorR,  the  Inmi  and  wiodin;;  of  the  amiRtore  (^indni*or)  are 
so desij^iied  tliat  the  nia^ietic  field,  in  which  thearraatiire  moveN. 
is  iiaud  as  TuUy  us  [lusHiblo.  lit  ilie  machines  of  Sicmciu  and 
Halske,  designed  fur  telegraphic:  [nirpoKc^,  two  rowK  of  hori- 
zontal mflgnetii'  liars,  MM'  (Fig.  2-Ji*),aro  fasleucd  to  a  vertical 
^ ^        iron    plate,    and    hove 
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}  their  front  ends  at  mm' 
so  turned  out  that  the 
cylindrical  hollow  may 
receive  the  '*  cylindiioal 
inducer."  The  latter 
consists  of  on  iron  core 
\\h03t-'  form  18  rejiresent©"!  by  the  double  T-shaped  cr<)S»<«eotioD. 
<ta,'.  The  wire  is  wound  Inngitmlinally  into  its  lateral  grooves, 
and  the  entire  cylinder  is  mimninded  by  n  hnuss  pnit*»!ting 
eDTelopc  wliicb  carries,  above  and  Irohiw,  the  ^support  for  the 
axis  of  rotation. 

A  material  advance  in  the  oonstnictioa  of  uiagceto-electrical 
machines  was  made  by  the  iHlroduction  of  the  rin^  armature  at 
Paeinotti  (1S6U)»  "r  <"ranime  (1S71).  In  (Jiamnie's  machine 
(Fip.  249)  a  ring  of  soft  iron,  Ali(*I>  (Kig.  250),  upon  which 
a  nnmber  of  coils  of  wire  arc  wound,  each  being  connected  with 
the  following,  rotates  between  the  pulft«,  N  «nd  S,  of  a  horseshoe 
magnet,  aUjut  an  axis  per]»endii'idartolhe  plane  of  its  branches. 
From  the  ronneiTling  points  of  adjacent  enils,  metallic  oontinna- 
tions,  ltIl,Kdts.  nm  to  the  a^iis  of  the  ring,  where  they  are 
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liinict]  ut  n«;Ll  uiiKles.  insulated  frum  one  another,  ami  faatonoJ 
iijioii  tlio  axis  in  tlirectimis  ponillcl  to  it.  Two  bundles  of  wir^ 
■IT  bnishos  liadicated  in.  Fig.  'JhU  hy  »irc8  nmning  from  K  and 
It,),  slide  by  ^entlu  fri{*tion  on  both  siden  af-ainat  the  axiH  and 
take  n]i  thu  citrreDtii  in- 
ilmwd  ill  the  coils  diirin;; 
rittatiuu.  Under  the  in- 
fluence of  the  magnet  the 
ring  it^sulf  J>ecomes  mag- 
netized in  such  way  an  tu 
niakeitconsbitoftn'utiemi- 
c  I  rciilar  n  mg  nets,  A  BC 
and  ADCjuLned  together 
ivilJi  their  like  poles  at 
A  oud  C.und  having  their 
neutral  st'i'tionii  at  H  and 
D.  The  [lomtioTi  of  theite 
jmles  is  Hfi  allored  hy  the 

rotation  ■>!'  the  ring,  since  the  soft  iron  does  not  retain  its 
magnetism.  The  effect  is  the  some  as  if  the  ring  remained 
Mati<i]iary  v'ith  its  ^i>iilh  {H)Ii>  at  A,  and  its  north  jiolo  ut  C, 
while  the  ooils  of  wire  were  being  slipped  along  over  the  iron 
cor&   The  roils  n{)iiii  the  ^^nrfoce  of  the  ring  cnt,  then,  the  lines 
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of  mngnetio  furce  whieh, 

|)rot'ee<ling  from  N.cnter 

the    ring    luid,   passing 

within    tho    core    alimg 

.UK"  and  A  IK',  leave  the 

ring  at  C, toward  S,  and  in 

opposite  songctf  at  (.'  and 

at  A.     The  nirrent*  in- 

dnoed  in  thejw;  lines  have, 

therefore,  in  the  v*>'ih  of 

the  lover  half  of  the  ring,  a  direction  opjKtsite  to  that  in  the 

CLiiU  aliove.     Tin;  ncntral  lino  HD  is  the  lin«  n(  altAmation. 

The  brushes  gliding  npon  the  axis  in  the  ueiitml  line  (<li8placefl 

sumewhnt  in  the  dire<Ttion  of  rotation)  take  up  at  H,  and  at 

Ut  the  opposite  currents  of  the  seniieirrlos  in  the  same  sense, 
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4U  fXFXSurrjrrji  rBTsrc&. 

Had  tnn«nl  inlo  tib«  ciong  etrevit  m 
tbuwameAinrikm.  The  ■pp^rttig  fmrwiikca 
emnml  htneHirtriy.  i-c  witbcmt  the  me  of  a  • 

t7L  Bjiit— ITfciHiinl  Wmi^Imw— The  it«d  Mgiimi  of  ■ 
nwjTiftri  rif  ftriral  mrhnia  (e^.  of  Gmaune's  ttmAiat)  matj 
be  n|ilaoed  by  ulnctmi— fcwliy  eboot  vbaee  eon*  the  cnfnM 
eoomig  &m  the  infaetor  is  made  t»  pan.  If  tfce  xaArngtat  it 
fjteted  the  we»k  laegaetwrn  of  tlw  deetvo-nH^iiet  wnnahiniy  in 
the  lift— t  inm  wCw  lo  exdte  »  ««afc  nidaeed  ewwatrwhiA 
inew— AeaagnetiiMand  tbereliyai^aiaiiiteoalfteKiBdiictiaB. 
Bjr  otmtinoed  rotatMO  the  coirptit-streiisili   in  tbe  '■fc»»»y 
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circuit  reaches  a  limit,  detemuned  bv  ibe  mtumtitm  point  of 
tbe  magnet  and  certain  other  rirctita<<tancea.  Ilj  means  of  tbis 
dTtuuiuMloctiical  prinriple.  di<K-oTered  by  W,  Siemons  (1667). 
dyiMm>-dtetrieiU  maehirui  {dynamo9),  cunstnictod  often  in 
coloanl  dimensiuDft,  have  maile  it  possible,  vith  c<omparativel]r 
small  expense,  by  aid  of  tbe  eiiergr  nf  water,  steam,  or  ^^as 
mutunt,  to  prodaco  tbe  struojc  elwrtrical  cDrrents  re<|uired  for 
electrical  illumination  and  otber  parptig^es  uf  ulectn»-tocbiiics. 

Figure  251  represents  ooe  of  tbe  latest  aud  m(pt  highly 
improTed  fonns  uf  tbe  drnamu  abe  Hat-riag-drname  of 
Scbuckert).  MS,  SS.  are  the  "field-majinrts,"  between  tbe 
troo  pole-shoes  (PP)  of  wbicb,  tbe  Gtainuie  rin'r  rcitates  aboot 
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the  aiis,  A,  being  driven  by  a  mi>tur  (steam-engine,  or  gas- 
motor),  by  means  or  the  belt-Avbeol,  IX  The  Insulated  ends 
of  tlie  windings  of  the  ring  lead  abmg  the  axi;^  to  the  "col- 
lector," C,  wlieiu-e  tlio  brtislies,  B  (only  the  front  one  is  visiblp 
in  tlie  figure),  tak«  oil'  the  ('urrent,  conveying  it  to  the  biuding- 
scrows,  KK. 

273.  Electrioal  Ti'ansuusston  of  Power. — If  tho.ciirtont  of 
one  dynamo  is  transmitted  through  the  windings  of  b  second, 
the  latlor  takeK  up  a  rotalion  luid  may  now  jverforni  mechanical 
work  as  an  elei-lroiuagrietie  motor  (flaotro-molor).  In  this 
way  the  work  of  a  statiunai-y  Kle«iii*engine,  or  of  a  waterfall, 
eti'.,  miiy  hv  conveyed  in  u  rumote  station,  the  work  being  tinit 
trtuitjformod  into  (.-urrent  energy  by  means  of  a  dynamo.  As 
AD  illnstration  of  this  we  have  the  electric  street  railway  car,  in 
the  uarriage  of  which  U  |)l»cefl  the  second  dynamo  which  acts 
as  a  motor  to  turn  the  wheelK. 

'Fhe  transmission  of  string  enrrents  orer  gient  distances 
is  attended,  neTertheless,  with  very  conaiderable  practicaJ  diffi- 
culties. If  at  the  remote  station  a  definite  current-strengtli  is 
re<(Uired,  fordonble  the  dis1ani*e,  the  crosa-section  of  the  copper 
conducting  wire  must  aliio  \>o  doubled  to  keep  the  resistance  the 
iaanidt  and  four  times  the  weight  of  copper  must  be  uaed.  The 
expanse  of  iioner-tmnsinission  therefore  increases  with  the  si^uare 
of  the  distance',  and  n  limit  is  soon  reached  at  whtob  tlie  prooeas 
ceases  to  be  economical.  In  the  transmission  of  force,  or  more 
txirrectly,  of  work,  however,  tlio  iiiiportant  question  i*  not  how 
to  transmit  a  definite  eurrcul-f^trongth,  or  a  Hxed  potential,  but 
rather  how  to  transmit  the  energy  of  tho  current  withoat  too 
Berious  a  loss.  Thi»  energ)'  is  expressed  by  tho  product  of 
tension,  or  potential,  and  nirrcnt -strength  (in  volt-am]»ere9.  or 
wattaj.  and  hence  it  remains  unaltered  when  the  potential  is 
.laised,  proviiled  tho  current^strcngth  is  diminished  in  the  same 
tatto.  With  double  the  jxjteutial,  fur  examplt^  tc  transmit  tho 
same  quantity  of  wurk  requires  only  half  the  currout-strengtfa 
ai]d  the  crnwi-Keetiun.  a^  al»w  the  weight  of  the  copper  conduct- 
ing wire,  may  be  diuiinished  to  one-l'ourth  their  former  values. 

For  greater  distances  cnrrcnls  of  higher  potential  and  of 
lower    current-strength    must    l)o  applied  (Marcel,  Des]iroz. 
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1882).     The  uimstnction  of   coustaiit -current   macbtoes  for 

iiijiit  jiotenttsl  \»  aha  attendee]  witli  Kerioiiit  cliiHeiiltieii.  Alter- 
oatiiig-ciirreDt  macliiDes  of  high  ]>oteiiliaI  are  much  more 
readily  built  auil.  consei^ueutly.  have  come  to  1^  preferred  in 
rflflDiit  times  for  the  tnuismijwion  uf  p.<«er.  The  preat  aller- 
uating-cmreut  niotots  used  in  elect ru-technics  are  arrangeU 
essoDtiallj-  aa  followfi.  Alontr  tbe  {WTipbery  of  a  wheel  are 
Rttachei.1  soveral  foils  uf  wire,  wliifli,  ou  rotating  the  wheel, 
pass  between  two  dxed  circles.  In  whose  peripheries  electn^ 
nmgnetfl  ore  fastened  in  simibr  positions.  These  electro- 
magnets, energized  by  »  r('nsla.nt-i'iirrent  djmanio,  are  »> 
connected  up  that  both  the  ndjai-ent  Bud  the  opposite  m&jj^etio 
poles  have  oppotiite  {lolaritiea.  i^  su  that  a  north  pole  Rtaml^ 
opposite  to  eat^h  hoiitIi  pole,  while  u  minth  pole  slandx  lietween 
two  north  poles.  It'  the  wheel  be  then  rotated  uniformly,  there 
arises  In  the  coils  an  alternating  current,  that  is  to  say.  a  to 
and  fro  pnlsatiug  motion  following  the  same  laws  as  a  ritiatin;; 
pendnlum, 

274.  Traiiifonaers.^At  the  plaee  of  application  of  the 
Kiirrent,  as  a  rule  (e^.  for  illiuiiinHtiug  pur|ioMeH),  a  current  nf 
great  strength  autl  of  relatively  b'»  p«il*ntittl  h  required.  The 
alternating  current,  therefore,  transmitted  thither  from  a 
distance  (which,  be  it  netted,  on  ncrount  <>f  it^  high  potential, 
would  be  <Iangerous  to  life  and  property)  luiLst  be  coovertod 
into  a  current  of  low  {lutentiul  but  uf  great  current-stfenglb. 
This  is  done  by  means  of  transformers  (Gaulard  and  (liblKt, 
1883),  which  are  a  special  form  of  inducing  ap[MLratus.  Ily 
means  of  the  inducing  a])|iAmtus  hitherto  discusAoil,  a  battery- 
current  of  moderate  intensity  and  great  strength,  whit^h  passes 
through  the  primary  eoil,  consi.'tliiig  of  u  eumparativoly  few 
windings  of  thick  wire,  into  the  .■iei-undarj-  wiil  with  many 
wiudings  of  fine  wire,  is  transformed  into  an  induced  current 
of  high  potential  and  low  .itrcugth.  If,  on  the  contrary,  the 
primary  coil  cou«isl4i  of  many  niniUngu  uf  thin  wire,  und  the 
secondary  of  a  few  windings  of  a  coarse  Tire,  a  weak  <:^nrront  of 
high  potential  in  the  former  prmluces  iu  the  latter  an  induced 
current  of  low  potential  nud  of  high  current -.itrength.  By  means 
of  such  transformers    we   have    then  u  nieaiiit  of  conrerting 
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without  alteration  of  currewt-eiieigy  (dUregardin);  unav-iideble 
losses)  high  iDtu  low  potoiitial,  and  sfxaXl  iDto  great  uun«ut- 
strength,  and  conversely.  Since,  with  the  potential*  hero  txwur- 
ring,  the  air  iIoch  not  produce  siiSiricnt  insulation,  thesu 
transfiirincTS  are  sometimes  plat-wi  in  Tewifls  Kited  with  giHjtl 
insulating  oil. 

Ju  an  inducing  apparatUH.  or  tmiturorruiT,  mniiiow!  ilii;  HivM>iiilary  ciirreiil 

to  bave  n  ixitondal,  f,  and  u  ciirrcm  xtrongtli,  i  =-,  vben  r  dmotes  tlia 

ivsMaaan  of  tiiu  vrin.  If,  ii«w,  tlio  BocoQ^arj  wire  is  stretobeJ  to  n-Umw* 
it*  !iiiUa]  Icogtii,  «u  tlinl  di«  miiitber  of  its  wtntliu^  is  iocroued  n-fald.  and  Ha 

(Ton-acction  becomes  Ihu  -tli  purt  of  tJio  original,  its  rvxiilAiiM;  tboroby  bvcomcM 

n-timcM  its  formor  ruliw  ( =  n^i').  diu  putentiitl  in^coiixw  "  u  "  tjmsa  (nf ),  «iil 

tliB  cnnvDl-iilronctli,  -ih  imrt  of  tlio  formor  value  (for    .-  =       =- ),  wbi!(> 
n  7t*r      nr     tu 

the  product  oF  both,  i.i,  ifm  vnmtnt  cnentj-,  remoiiiK  aimllcml.  If,  con- 
vereeljr,  lUu  number  of  wiiiiliris»  In-  iliiiiiiii^ivd  ta  -th  of  tbu  farimt  uumbor. 
ami  ibe  orowt-ncction  bo  iocreAAed  iu  Ibe  Kanie  nilio  ;«'tiRie»  as  ^reat),  the 
potontiul  will  High  bo  dinitniolied  in  ths  nAme  ratio ;  =  ~  ),  and  tlw  eumnil- 
8tr«aj;tli  h«gtileii«l  torn'. 


275.  Rotaling-Ctirrent  Motors. — The  current.-*  furnish&l  by 
an  alternating- c II rruut  ilynunici,  aiiil  tints  tntniifiiriimhle  at  will, 
may  be  used  juat  as  advantageously  as  a  (-■unstaut  current  for  the 
direct  operation  of  arc  and  incandescent  lamps.  Fur  purposes 
of  transniissiou,  it  must  be  led  Ihroagb  a  precisely  equivaleut 
altemating-curreDt  motor,  which  is  thereby  brought  t<> 
nzaclly  the  Huine  nun))>er  uf  rerolutiuns  as  that  nf  the  first 
machine;  for  only  then  can  the  direcliou  of  the  enrrent  in  the 
s[K)oU  reverse  sinmitancuusiy  (synchronomdy)  viith  tlie  jtoles 
of  the  electromagnet.  This  sort  of  reversal  is  ueceasary.  if  the 
force  is  to  drive  the  ring  of  coils  always  in  the  same  dirertton. 
If  this  e:cact  agreement  19  diHtnrbed  in  the  least,  by  loading  the 
motor  too  heavily,  the  forc«  reverses  ita  dJtectiou,  drami  the 
ring  of  coils  backward  instead  of  dri\1wg  it  forward,  and 
the  motor  oomeii  to  rest. 

The  problem  of  the  transmission   of  power  by  means  of 
alternating'  ourrenis  of  high  potential,  wu  very  simply  solved 
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by  the  inventifjn  of  rotating  current  nutton  (^Ferraris,  1887 ; 
jKjIivo-JJoljrowolMky,  IHW)).  A  fixed  iron  ring  camea  two 
Iiaini  of  wilM,  AA  and  BB  (Fig.  252),  placed  at  right  angles 
tit  eai;[i  other.  An  alternating  current  passes  throogh  each 
[Nur.  One  of  thctie  currents  remains  one  quarter  of  a  period 
of  vibration  behind  the  other,  so  that  the  current  strength  in 
A  in  greatest  when  it  is  zero  at  B,  and  conrerselj.  At  the 
instant  when  this  occurs  (first  Fig.),  the  coil,  A,  produces  a 
magnetic  [xile  at  B,  and,  within  the  ring,  a  m^netic  field  is 
Hinniltaneoiisly  developed,  whose  linfts  of  force  have  the  direction 


Km.  ^.'ilf.— Rotating  Curreiit. 

indii'atod  by  tlio  iirn)W.  An  eighth  of  a  period  later,  the 
cnrroutH  in  lH>th  imw  of  coils  are  equally  strong  and  produce 
a  nmgni't  w  Held,  whoae  ]x»8ition  ia  indicated  in  the  second  figure. 
Al'lyr  ouo-lourth  of  a  i>eriod  the  current-strength  ia  greatest  at 
HU,  ami  cqiiala  7^ro  at  AA,  where  the  poles  are  now  formed, 
and  tlio  i\v\ii  aasiuues  the  direction  indicated  in  Fig.  3. 
After  thrw'M'ightha  of  a  |H'riod,  the  current  at  AA  has  reversed 
its  diri'ctiim,  and  the  lield  then  has  the  direction  shown  in  the 
fourth  tigun-.  And  so  the  rv>tation  of  the  magnetic  field  con- 
tinues, until,  after  the  lajise  of  an  entire  period,  it  has  returned 
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to  the  position  imlicated  iu  the  HkI  ji-;ur«  (6ftb  and  sixth 
tigiires).  If,  HOW,  an  iron  cylinder  (with,or  witliout  windinjsrs), 
mnvaljlo  about  ita  axw,  is  tnjut^ht  wilUin  the  irou  ring,  it  will 
be  carried  about  Iu  its  owu  directiuu  by  the  rotating  umgnelic 
field.  Such  a  *' rotatiug-ciirrent  motor"  is  the  simplest  con- 
ceivable electro-iiiagiietic  machine. 

By  means  of  a)>)>arattiH  oi'  the  sort  depicted,  the  General 
Electric  Company  {AUgemthve  Elekirieitaets-Geselltcha/t)  of 
Berlin,  in  coDJunctiun  uith  the  Oerlikon  maehlno  factory,  iu 
Ifi!H,  succeeded  in  traii^initting  approximately  ^00  horae- 
pt)wcr  i)f  ivork,  frvira  Lautlen,  on  the  Neckar,  ttt  tlie  Electro* 
tpi'hnira.1  exhibition  in  Friinkfiirt-a.-M.,  over  a  dislance  nf  175 
km.  A  turbine  of  iJOiJ  horso-power  operated  an  alui'maiing- 
eurient  dynamo  at  I^iiflen  which  fumii^heil  a  (^'tri-phaee") 
rotating  cnrrent  of  1  .'il  volts  iTotential.aiifl  1400 ampbres  cutTcnt- 
fltreDglh  In  all,  mid,  therorore,  a  curroitt-oiiergy  of  about 
^00,01M)  vtilt-amjierex,  or  natts.  This  current  nas  transtbmiecl 
to  nbont  2i>.(tiJi)  volts  potential,  and  led  away  through  throe 
pure  copper  wires  uf  only  3  mm.  ilienieter  and  well  iuadatod. 
In  Fmnkturt,  tho  potential  wagtedneed  by  a  tmiwfomior  to  100 
volts,  with  a  correspimdhig  itu'rt^ase  in  furrei it-strength.  A 
|mrt  of  thf  traiisfoniu'd  nirn;nt  led  1 000  incandewent  lamp^. 
another  purt  opLiraied  a  pnnip  by  means  of  a  rotating -curront 
motor,  which  supplietl  the  flow  for  on  artiJicial  waterfall  of  ten 
meters  height,  Th('  latter  pottifD  of  the  transmitted  energy 
j-oinplelt^d  the  circle,  therefore,  for  a  pcjrtion  of  the  energy  of 
the  walerfall  in  [jaiiifeii  appeared  in  Frankfort  again  ai  the 
energy  vt'  a  waterfall. 

276.  Earth  Induction. ^Terrestrial  ma^etism  also  pnxluceKt 
induced  currenU  in  a  closed  CMaducior,  when  it  is  moved  iu  tho 
uniform  magnetic  field  of  thu  earth.  A  circular  frame,  JkfX 
(Fig.  253),  of  very  large  diameter,  can  be  used  as  an  earth 
inductor,  if  a  number  of  windings  of  iinsulated  txjpper  nire  be 
placed  about  its  circumference,  and  tho  ring  be  rotat«d  by 
ineans  uf  a  crank  alx>iit  n  diaiuotet  as  an  axis.  \\  hen  thi^  axit: 
ii  perpendicular  to  the  magnetic  meridian,  and  the  plane  of  the 
frame  is  perpendicular  to  the  inclination  of  the  needle,  if  tho 
axis  lie  turned  (iiiicklv  through  half  a  revolution,  tlie  presence  of 
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an  iniliicwl  current  mny  be  detected  by  &  iballistiu)  gfth'ano- 
raeter.  Tbe  8tren(,'th  of  the  induced  "•nrpjot  will  be  proportiont! 
to  tlie  total  intensity  of  the  terrestrial  iiia<;n^M)3iii.    If  llio  frame 

be  turned  halt'  a  revoln- 
tion  farther  forward  (or 
bAckwarfll  at  the  same 
rate  at)  before,  an  induccl 
current  of  equal  intensity 
anil  of  tipposite  direction 
will  W  prodnccil.  If  the 
latter  nttation  is  made  at 
the  insrtant  when  the  jtal- 
viinonietcr  needle,  *!»• 
dected  by  tbe  Bist  in- 
daeed  unrreTit,  passes  itt  position  nf  eqnilibrinm  on  the 
backward  swing,  the  dtfliictiun  luward  jhe  opposite  siile  will, 
of  course,  bo  };rcateT.  bceauiie  tbe  needle  was  in  motion  when 
it  received  the  second  impulse.  If  this  "  niiiltiplying  process  " 
be  oontimiod,  after  a  time  a  masimuin  deflection  nill  bo 
reached,  which  may  t*  taken  as  n  gtandani  for  the  intensity  of 
terrestrial  magnetiHrn.  When  thp  fmnie  is  turned  cuntiuuously 
with  tmitVirni  vchx-ity.  induced  currents  are  obtained,  wbicli 
oscillate,  or  pnlsntf,  to  antl  fn>  ttirotigh  the  wire,  nrcording  to 
the  laws  nf  thci  {»eud)duni.  Thoi^e  currents  r«n  be  <;iv<>u  the 
sain«'  direction  by  means  of  a  commutator  attached  to  the  axis, 
and  it  IS  thiLi  possible,  Hithoiit  the  use  of  iron,  by  the  more 
mtalion  of  a  cupper  wire  in  the  magnetic  ttoM  of  the  earth, 
to  produce  tbe  tuune  efl'ectH  as  ariite  from  the  constant  current 
of  n  galvanic  battery. 

If  the  plane  of  the  windings  bo  pliw^uil  horizontaJly,  and 
the  axis  of  rotation  i«  in  the  magfnotic  meridian  during  a  half 
rOToUition,  only  the  vertical  component  (Vi  of  the  earth'* 
magnetism  can  act  induclively.  But,  if  the  axis  of  rotation 
lie  plwod  vertically,  and  the  plane  of  the  framo  is  at  thr  iwme 
time  ]ierj>endicul«r  to  the  magnetic  meridian,  during  each 
nttation  throiif^h  18(J^  only  the  horizontal  coiuiionent  i  H )  «)f  the 
e«rth'ft  magnetisra  is  effective.  The  galvanometric  detlections 
in  Iwth  cases  are  to  each  other,  therefore,  in  the  ratio  of  these 
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cotnpouentft  (V  :  H),  equal  relncities  of  rntatitni  tieiii^  aK$:iimed. 
fint  the  taiipent  of  th(«  indiiiRtinii  nf  the  npedlo  \»  alao 
expresseil  hy  this  sfttne  ratio  itan  i  =  V  :  H).  Mj  tlitit  mode 
of  procednre.  first  g:iven  by  \V.  Weber  il83t!),  the  inapnetic 
inclination  mny  be  iletermineil  with  an  esrtli-indnctor. 

If  the  appnratu!;  be  plaoed  so  that  the  a-tis  of  rotation 
coincides  with  the  terrestrial  magnetic  inclinatiou,  no  dpflection 
of  tho  j^lvanometer  is  obtained.  In  the  halves  uf  the  eirciilar 
wire,  into  which  the  axis  of  rotation  divides  it,  arise,  aoivtnling 
to  Faraday's  rule  (2(!I),  opposite  indnced  currents,  nhiclt 
neutralize  each  other,  becaiiee  the  lines  of  force  of  the  field  are 
out  in  opposite  directions. 

STT.  DAUfminttionoftlie&biiiluulIiilCDf  KMlttuat  b^msuti  of  an  Euth- 
IndDiitor. — A^  WU4  hIiovvh  iibo\i:'  i.'i\^],  the  Miii^neLic  cioraeiit  of  n  cttvuUi' 

tOuiTGnt    eqiijilfi    the    proilupt  of  lUe   CMirent-fitrengili    (i)  by  tho  are*  (P) 

'of  th«  «timce  circuited  by  the  ciirront.  if  iho  cnrreiit  in  tumeil  from  its 
initial  uubilian  at  ricbtaiigleg  to  the  magneUc  meridian,  nhoul  a  vertical  niia, 
thrim^rli  SO''  of  nti^,  tlio  work  cxjH'mloil  is  oipnaiod  by  tlio  jnoiliict,  iFH. 

..of  itfl  iiiimiont,  into  tlio  horJRontftl  iatsciRilj,  H,  of  tlin  <-artli'a  mi^atini.  IC 
It  till)  U>gliiiiiii^,  iio  ciirront  wen  pawiiig  fn  tlio  circular  conductor,  nfUi  thif' 
OunI  uf  rotnliiin  [iRrfonni;!!  in  llio  lirrn?  -r,  w  cnrmnt  will  tut  iiiili>c#()  in  it  of 

.,  Ma}  mt«isiitv,  i,af«l  of  (rawin)  plMrtnMootire  forefi, /.  whow  enc'tgy  of  flow 
H]ital)i  the  worlc  sxpended,  ■'.«.  wa  hIiouIcI  hare  tir  -  iTH.  and,  caiuwiiifntly, 

th«  mean  eleclrgmQtivt  rorcQ  of  the  iuiluci^l  currttit,  r  ^  Hencv.  wlim 

th«  lioriismital  Jntensi^  is  hnown,  and  iho  surface  mclmcd  within  the  wind- 
ing)! liaa  been  mcasnred.  the  eloctromotim  furxM.-,  «.  of  tlic  ciim.nit  nwj  Im- 
coiDpiiteJ  in  alHnlnlc  nnita  frum  the  Utter  N|un(ioii.  If,  now,  tin-  intcmit^r. 
I,  u  aW  ilotorminetl  giUvBiioinetric'ill/ tii  ali>(olatQ  nntta  (24f>>,  with  the  aid 

of  Ohni'a  law.  tho  rexiBbinoe  if  l]u>  entire  coodiiclor  i<  found  &om  r  =- 

likewise  in  absolnCe  nnitJt.  Ton  timex  Iho  unit  of  mrirtancD  thnii  dctur- 
mtned,  eqnala  exactly  oqo  ohm  (W.  Wolicr). 

278.  Indtictlon  in  Extended  Condaotort — Foniiaalt'a  CurrenU 
— Eotatory  Mag;o«tisnL — Oiitrents,  kiioun  as  P'oiieaHlt'srurrents, 
directed  alwaya  ho  as  to  retard  tlie  relative  motion  of  con- 
diictor  and  luuguet,  aw  induced  not  only  in  cloaod  coils  of 
wire,  but  olao  in  any  ext«n<led  cmduoting  body  with  Twpoct  to 
which  a  magnet  in  the  immediato  neighbourhood  clianges  its 
poeiition.  When,  for  example,  a  brass  plate  is  inserted  l«tween 
the  |)oleH  of  a  stnmg  electtu-magnet,  a  resistance  is  [terceived 
•imilar  to  that  ex[>erienced  on  cutting  a  tough  nututaucc-.  such 
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as  cbeese.  A  copper  disk  placeil  Ijetween  (he  potei.  when 
routed  rapidly,  is  suddenly  brought  to  rwt  wliou  the  electro- 
magnet is  cnorgtzod.  Th«  energy  of  niotiua,  lost  ty  the 
conductor  on  account  of  this  "  ma^ruetic  Irictiona!  resistftnco," 
m  transformed  into  hent  (Joule's  UeAt)  just  as  iti  tha  case  with 
ordinary  friction.  The  tem]>eniture  of  the  uioTinp^  conductor 
therefore  rises.  A  hollow  cop])er  cylinder  covered  with  an 
eaaily  fusible  metallic  coating,  when  rotated  rapidly  betneen  the 
poles,  is  heftt«d  to  snch  an  extent  that  the  metal]  ic  coeting  melte. 

The  reaction  of  currents  induced  in  a  uiovablo  coudiictor  bv 
mapnels  is  bIhu  capable  of  setting  these  magnets  iu  nilation. 
For  example,  lot  a  magnetic  needle,  movable  in  a  horizontal 
plane,  be  pUu'-ed  nror  a  borii«mt«l  eop]ier  dUk,  which  may  be 
set  in  rapid  nitotion  by  means  of  a  oentril'ngal  nmi^^hiue.  ^^'heu 
the  disk  is  turned,  the  needle  will  also  bo  s^ocn  to  turn  in  Of 
same  nettm  bs  the  disk.  Conversely,  a  hnrixonlal  mag'net, 
rotating  rapidly  abmit  a  vertical  itxis,  will  carry  a  copper  disk, 
movable  in  a  horizonttd  jilanu  above  it,  along  in  its  own 
direction.  Arago  (182r>)  called  these  phenomena,  nbich  were 
discovered  by  him  and  explained  later  by  Faraday,  to  l>c  dne 
to  induced  currents,  the  oflbcts  of  roUUcty  ma^nethm. 

279.  Damping. — If  a  horizontal  maj^uetic  bar  Hwings  freely 
within  a  fixed  copjwr  envelopo,  iho  FoucauU's  currenla  induced 
in  the  envelojie  by  the  magnet,  exert  a  retarding  inlluenc© 
upon  ita  motion,  end  the  bar  comes  to  rest  far  sooner  than  when 
allowed  to  vibrate  freely.  This  means  of  dant^nH^  the  vibra- 
tions is  used  in  galvanometers  t'>  bring  the  magnet  quickly 
into  its  portion  of  eqnilibrinm.  If  the  damping  ia  so  alroag 
ae  t<i  bring  the  magnet  immediak-ly  into  cquilibriiiiu  without 
vibmlion,  the  galvanometer  is  riescribeil  as  "aperiodic"  The 
device  for  damping  in  called  a  damper. 

880.  Th«  Telephone  transmits  by  the  agency  of  induced 
ctirrents,  epoken  wtinU,  or  other  sounds,  distinctly  audibly  to  a 
distant  station.  Bell's  t«lephone  (1875)  consista  of  a  8t««l 
magnet,  A  (Fig.  2.')-t).  upon  the  soft  iron  pridongalion  of  one  of 
whwe  (Mtles  a  coil  of  thin  wire  i»  wuund.  A  thin  circular  plate, 
EB,  uf  soft  iron  in  held  about  itit  circumference  jutit  in  front  of  this 
{tole.    \\'heD  sounds  ore  uttered  against  the  plata  through  the 
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front  mouth jiieee,  called  the  iransmititr,  tho  plato  vibriitea  like 
the  hoBil  of  a  ilniin.  The  perimlic  changes  uf  potential  caiiseJ  hy 
the  treinblitif^  i>f  tin?  plate  in  the  fieli!  itf  the  magnet,  iinliife 
currents  in  the  (*nH  nt"  wire,  which  ar«  traiutniittoLl  Ihrnugh 
the  wires,  CC,  iMwsiug  through  the  W!Knlcn 
enrelopo  and  thouce  over  a  oouducting  wire 
OMWieoted  to  the  binding-screws;,  DP,  to 
the  remote  station.  These  etirrenta  there 
pass  through  the  coils  itf  n  similar  instru- 
ment and  alter  the  ticld  of  its  magnut 
rhy thuiieally  with  the  altorationa  of  field  of 
the  iirtit  ma^iet.  The  inm  plate  of  the 
second  telephone  13  set  into  exactly  corre- 
sponding vihratioiLs,  which  are  andihlo  in 
an  ear-piece,  called  the  retmver,  and  per- 
forming the  oflit^e  of  an  ear-triiDipet.     The 

id  produced  at  the  sending  station,  «.^. 
it  of  the  human  roice,  is  thus  propagated 
to  the  receiving  station  with  all  its 
characteristic  poculiariti<Hi  of  tone. 

Xuthing  is  hoard  in  the  telephone  when  a  constant  cnrrent 
passeei  through  its  roils,  excepting  a  crackling  nnise  at  iho 
iDRtant  of  opening  or  closing  the  circuit.  A  sound  is  heard 
only  when  an  intermittent,  or  an  alternating  airrettt,  or 
generally,  any  current  subject  to  jicriudic  vibrations,  \a  tfftlB- 
mittcd  through  the  instrument.  Since  the  apparatus  responds 
tfl  alternating  currents  only,  it  may  bo  used  with  WheatHtone's 
bridge,  to  dotermino  the  galrauie  resistance  in  elecirolytea 
(26fl),  instead  of  en  elef'trn- 
dynamometer  (F.  Kohlraiisch, 
1880).  The  resistance  of  tho 
rh<oatat,  or  of  the  measuring  wire, 
must  merely  be  alteretl  until  the 
telephone  remains  silent. 

281.  The  Miorophon*  (I.uetdge. 
Hughes,    1878)   in    its    .simpler 


Fu.  254.— Tvlcphone. 


Fto.  2S5.— HicroiitiooeL 


fonn  consists  of  a  small  bar,  k  (Fig.  255),  of  coke,  pointed  at 
both  ends,  in  gentle  contact  with  two  pieces  of  carbon,  K  end  K', 
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tixod  to  a  small  vrouden  {)lat«.  The  earlxjiis,  K  autl  K,  are 
<H>nnecte<l  with  the  terminaU  of  a  battery  nire  In  a  telephone. 
T,  also  in  circuit.  If  a  word  is  Hpukeo  near  the  carbon  |»iepes,  it 
is  beard  in  the  telephone.  The  cause  of  this  etTect  is  that  tbe 
alteration  of  the  intimacy  of  contact  Wtnoen  the  carbons  due 
to  the  sound  waves  and  the  consequent  variations  of  the 
galvanic  resistance  iirodnccs  periodic  fiuctuations  of  intensity, 
ihich  in  tlioir  ttini  cause  corres}M>ntl ing  vibrntiotis  of  tbe  plate 
'  the  kiloi)hoii(;. 

In  actual  practice,  u  uiicrophuno  {trantmititr)  \s  lutcd  a» 
speftkin;;  apparatus,  and  tbe  telephone  proper  is  used  only  for 
hearing.  Of  th»  numenuM  form.s  of  microphones  now  iti  use, 
only  the  uuiveri^l  transmitter  of  Berliner  will  here  be  ex- 
plained. In  a  vial-shftpc'd  rubber  c:a|»sule,  coansoly-jwwdcroil 
carbon  i*  placed  between  two  huri/i>utttl  carUiu  plates.  \\'^heu 
the  lower  plate  is  spoken  against  through  a  funuol-sliajKMl 
mouthpiece,  the  powdered  carbon  readily  imitates  the  vibra- 
lions  of  the  plate,  and  produces  correspondiug  tluctnations  of 
))attery  iMirrent.  This  current,  instead  of  (mssing  directly 
through  the  wire  coils  of  the  telephone,  is  sent  through  the 
primary  coil  of  a  small  inductor  placed  nithin  the  casc  \fi  tbe 
trenamitter,  so  that,  at  each  station,  the  batters*  is  closed  by 
means  of  tbe  carbon  contact  and  this  primary  coil,  while  tbe 
hearing  ap]>aratus  at  l.K>th  stations  are  connected  by  the 
conducting  wire  with  oacJi  other  and  with  the  secondary  coil 
of  the  inductor.  The  fluctimtlotLH  of  current-strength  in  the 
primary  coil  awaken  in  the  secondary  coil  induced  curroitts 
which  reproduce  distinctly  audible  speech  in  the  distant  tete- 
pbouc.  It  18  evident  that  the  microphone,  used  ad  speaking 
apporatus,  acts  as  a  relay  (lil")  permitting  the  strong  current 
of  a  galranic  battery  to  be  used  insteail  of  the  very  weafc 
current  of  the  telephone  itself.  The  little  inductor  act*t  as  a 
transformer, convt'Tting  the  strong  current  of  the  liattery  into  a 
feeblecurrentof  high  potential,  which  may  be  easily  tmuajuitted 
thn>tigh  u  Etmoll  wire  to  a  great  distance.  As  with  tbe  tele- 
graph,  tbe  return  circuit  ia  made  here  also  through  the  earth. 

282.  Diamagnetism. — A  Imr  of  bismuth  suspended  borizuu- 
tally  by  means  of  u  silk  libre  lietween  the  poles  of  a  powerful 
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electnuuagiiot  (Fig. '^."itJ, seen  from  above)  is  repelled  by  both 
pole:*  and  assumes  a  [XMition  at  right  atif^ios  to  Ibe  connecting 
line,  N8,  of  tlio  poles,  while,  as  is  well  known,  an  ii-ou  bar 
places  itself  in  the  line,  XS,  of  the  poles.  As  bati  boon  stated 
al«>ve,  tlie  connneting  line  of  ^ 

ibe  poles  of  a  magnet  is  iln    V    -.^,.^  i 

««»'*,  ami  the  plmie  porpuu-    /  l^^ST  ^/ 

'Ij'-iilar  ti>  its  Axk  al  the   <       ^^^  4% 
miiUlle    iKiiiit    is   called    its    t- — """^  ■ 


Fr).  25ih— DimuKiruetiiau. 


]Kiiiit 
vq\iiitor.      The    jHJtiitioii,   oi, 
is  therefore   ilesipiiat^'d  the 
eguiUorial.  while  the  jHwition,  NS,  is  the  amial  position. 

All  bodies  may  be  separated  into  ttro  groups  acourdinji;  V> 
the  positiuiiH  tbey  assume  betnoen  the  poles  of  a  inognot. 
Magnate  IxHlies  are  attrai-ted  by  the  maguot,  and  assimie  axial 
petitions;  other  bodies  are  repelled  and  assume  tqmtorial 
[M^ition^.  Faraday,  who  discovered  this  plifiimmenMii  {I84o), 
I'alleil  bodies  of  tlio  latter  class,  dianuiyiietic,  ISesides  iron, 
nickel,  and  eobalt,  whose  magnetic  properties  have  been  long 
I'amiliar.  manganese,  ehromiuui,  (.-eriuni,  titanium,  jittlladium, 
platiiiinii,(<»4miitm,mi(l  almiKt  all  iron  L-onipound^ arc  magnetic. 
while  the  diamagnetit-  siibstatices  are  bismuth  preeminently. 
then  (oIloM  antimony,  rinc,  tin,  lead,  silver,  copper,  gold,  and 
must  other  bodies. 

AVeber  explains  dianiagnetisui  on  the  hypothesis  of  electrial 
currents  (Mreuitiiit,'  th^  moleciilos  ot  dianiagnotic  bodies.  But 
heassinitotj  lUiU  lhe>ic  eurronls  are  nut  alreaily  formed,  as  are  the 
molecular  currents  of  magnetic  bodies  which  need  to  be  merely 
diiecle<l  by  an  approaches!  magnet.  Weber's  assumption  is 
that  the  molecular  mrrents  of  diamagnetic  bodies  must  be  first 
iudaced,  ur  called  into  existence  by  means  of  the  approached 
iiiagnet.or  other  soureoof  mojrnetio  induction.  When  aconductor 
is  brought  near  to  a  maguctie  pole,  cnrrents  are  induced  in  it, 
whieh  are  directed  ayainst  the  molecular  current  of  the  magnet 
These  currents  (Foncaidt's  currents,  278}  are,  however,  of  very 
short  duration,  for  wliile  jtajsiug  through  the  mass  of  the  copper 
fr,>m  molecule  to  moleeiUc.  tboy  have  a  rcsistAnce  to  overcome, 
by  which  their  energy  is  i^oon  exhauste<l,  i.e.  truasformed  into 
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heftt.  B«Eiidet>  l1ie.se  onlinary  iiuluced  cuitbiiU  jMUitiiif!:  llirtnigli 
the  mass  uf  tlit:  <;(i[>]>cr,  tlie  iiiag:net  excites  alau  small  rircniar 
uurrentri  &rouud  the  molecules  uf  the  oopjier,  which  are  like»  iw 
directed  against  the  molecular  curreuts  of  tlie  ii]ag:uet;  hut, 
Biflfe  ihoy  meyt  ii<j  resistauce  on  circuiting  the  molefiiles,  they 
coiitiauo  tu  lluw,  until  in  ctjiisequenw  nfa  sulisequeiu  uelioii  of 
iDiIaction,  nen~  and  opposite  molecular  curT«ntJi  arise,  vrhicli 
destroy  the  oUler  currents.  Since  tlie  former  currents  are 
opposite  to  those  of  the  magnet,  it  is  clear  thai,  arconllng  to 
the  hkws  of  the  mutual  actiou  of  electrical  currents,  repulsioo 
muitt  etiBue.  These  induced  umlGcuIar  currents  may  form  bIjmi 
in  tiou-comluctors,  though  tlieiie  Ijodioit  do  nut  ponnit  the 
passage  of  electricity  from  one  molecule  to  another.  Glass, 
carliou  (lisulphide.  and  other  non-conductors,  in  &ct,  exhibit 
strong  diauiagnetic  pro|)erties. 

It  in&7  alio  bv  conceiTod  that  aliama^iulic  bodicM  in  n  nu2n«tic  fi«M 
become  mRgnoiiutly  weaker  ttittn  tho  gnrroumlin^  nicKliiim,  t,y.  tliv  air,  or  « 
nmnm,  and,  Ihcroroie  (foDoiving  tlw  ■nalot;:y  of  Aiutiiiuedoii'  |>ritid|>1e), 
aamima  ««nuitariiil  jiosltloiis,  jiwt  aa  &  dlluic  soiutwn  ot  iron  chloride  endoaed 
irithln  a^Mt  tnbo,  wbcn  nirrnnni]i>d  \>y  air  becomefi  magmru'c,  while,  wh«n 
uiTTOiindod  by  a  alRinger  Rolulion  ur  iron  chlDndc,  It  apjieurB  dkmaj^iwUe. 
IJiAmngnodc  bodies  have  neRalivo  magnetiuilion  uuinbcrs  (]-t9):  biainiith, 
-  0<)noOO]5:  water,  -  OOOOOOOI. 

SS3.  AbMlute  Synom  of  Unlti. — The  ah«ot»u  ti/itrm  of  tMa*un»,  «stab- 
IbJicd  bv  (Jaass  nnti  \Vt>tii>r,  i«  hn  cntk->l  twcaiiso  it  r«docct<  all  phyncal 
maKiiti^*^  If  ''>*  'l'"^c  fnnilftmotitft!  idcftn  of  'wt;/fA,  mru$,  and  tim^.  ti«aw 
and  Web«T  6el«ct«it  thcr  millimotcr  and  tli«  mith^m  m  iinim  of  length  and 
of  tDftM,  rc«pcctivcljr.  But  1a  avoid  inconveniently  Ini^  niimcricnl  vaioM, 
ihe  contin)et«r  and  pvm  wer&  later  ael«elcd.  after  tn«  exaraplii  of  Iho  Britiali 
Aseociation.  T)ie  fundamenU]  unite  of  tl)«>  alM>lut«  KyAUm  of  nHMuurat  arv. 
Bccordinj:!}*,  for  length,  tho  emtim^ter  (cm.) ;  for  nisM,  the  quantity  of  noAtler 
conUinvd  in  I  com,  of  wat«r  «t  4°  (-.|  or  llio  s'^"*  (S-)t  and  for  lime,  Ui« 
tteond  (»«•),  i.*.  the  ^Joof^'*  I''**  "f  '''"  ™ein  "oUr  ilay. 

tSefore  deriving  fi"n)tbo(iciniijpiitu']o>  tho  units  of  eloctrical  and  tnagn«tic 
ciuantitict),  Ic^t  iin  Cflll  io  inimd  the  ub»olu(«  nniU  cf  tbo  ntoet  importaat 
motiODK  of  inccliaiiicH.  By  tli«  w^vcily  of  a  aiovinj-  liody  at  any  iiutont  of 
timf,  vtv  uit-uii  the  ratif  <t(  tlie  distance  travoreod  liy  Uio  l>«dy  in  Uiu  avxl  ma- 
t;eo<Jitiic  iiiliuitc^inial  tiitcrral  of  time,  to  tho  lonf^tli  of  iliis  interval,  i.e.  Ihr 
ratio  of  a  lenpth  to  n  timt.  The  unit  «f  voltJcity  i?  ncconIinf;ly  &  magnitude 
obtAino'l  hy  diviiling  tliu  linear  unit,  cm.,  by  the  time  unit,  sec,  and  h  «x|>raBi  * 
bj"  cm.  :  "<:<:.,  or  tm.-«;c.~'.    Tlii«  expn/ssioii  cai.-Kt't'."',  which  rcprcMUCs 

tnudt:  of  c<)»ipoailioii  of  ibe  detivau  unit  "  velotily,"  frfim  the  lumtunFr 

nnitn,  is  cttUca  Ibe  "  dimeomoa  "  of  thcdtrrivcd  unit,  anil  tu  vv^ry  nuioeriCRl 
value  ill  tlio  sb.-'oliiti:  BVBtcm,  tho  convnpoadiivg  dinioiihi»n-Hynil)o1  must  br 
eiilicT  flp|>(^iidi'<l,  ui  uuclvnitood,  lo  deui^Ic  without  anbiguily  Ute  natnrc  of 
ihe  dcrivvd  tiiut  (u  which  the  Rum«rical  value  nfeis.    Aeetieral'ion  Is  Uie 
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i»Uo  nf  tlio  iiu'TVRiotit  of  welocity  of  Uiit  nioviiig  body  to  tlie  rfiort  [>cr{oil  ni 
t(Ri«  williin  u  tiicti  thiN  increment  ut  aoqiilrod,  nr,  mnc«  r  wlociiy-increDiciit 
U  {t>df  I  volocity,  BcccleralJon  U  tlio  ratio  of  a  rclocity  to  n  tim«.  The 
dimeniiion  of  n  unit  of  aeeeleratiod  is  aeconlinftly,  cm.-ftec.-' ;  aec,  or 
cn.-Bec'^.  Sinc«,  nan-,  forte  U  viAtntooti  lo  bo  t^e  product  of  th«  mans 
mowd,  into  the  nccclcrntion  of  ils  mntion,  the  'linicnflitm  of  ih«  ronN>-unit, 
or  dvnt,  wliich,  ivctiiig  nii  a  mnsii  of  1  g.  dnriiig  1  wc.  intpaTlii  tn  it  tlio 
ACMferation  1,  is  cm.-g.-xic.''*.  Tlio  prodwct  of  a  force  by  tlip  dlrtanov 
throDgh  vrhicli  it  move*  a  inaM  n>pr««ciilK  tlio  tt-ork  of  the  forc«.  Tlio  work- 
VTiit,  or  the  try,  has  then  thu>  dimension  cm,*-f[.-«ec."',  nml  i«  tlie  woik 
{■erforinud  by  1  ilyiiu,  in  ili>|>l(iciiiK  a,  body  tlir<iiTj;!i  1  cm.  in  tlic  iJirociion 
m  wliiol)  llie  force  acta.  Tlio  rnert/y  f-J  mofiitn.  or  iitietie  vnen/y  (Ihe  half- 
product  of  the  mass  moved  into  Iho  Miiuirc  of  it^  veKicity),  fiua  tho  wm* 
oiraonsioii  n»  wotIi.  Tho  numo  is  alao  tnio  of  a  •/wtntitu  of  )nat,  ainco  it  in 
fqniralcnt  to  a  dolinilc  omoant  «f  work.  Tbt  work  poiiomigd  bv  a  force  in 
one  •ocond  it  c»\hil  it«  ptr/vriaawx,  or  t0Kt.  Tb«  tiuit  of  rSect  w  th«  "  <;% 
per  jKCond,"  and  liBf  tliu  diriieiiaiou  crii.'-g.-9ec.~*. 

Suicc  tlio  uuluru  of  cIcctnciLy  and  of  mafnietibiR)  ani  niiknovni  to  ut>i 
to  G3|irutw  electrical  aud  niai;i]Gtic  idcaii  ia  abBoiuto  meaHuraB,  it  in  neocsmry 
to  return  to  thoir  known  oHocts  and  ao  to  epcdfy  thoM  idcae  in  such  way  that 
the  forcva  exerted  and  Ibo  work  pcifonncd  mny  agree  with  the  ali-oady  dcluieil 
ideas  of  force  and  work  in  m<^'lioiiics.  Tliii>  will  lie  the  cosu  when  tJioolecln'cnl 
nod  ma^olic  notions  (trvof  the  iitriic  dimi'Mfnionn  in  ciii.g.,  and  sec,  nsinj  thv 
mccliiuufrA)  nuttoiis.  Ity  prix-eetlirij;,  then,  fnini  tliu  effects  of  doctrical 
din^eo  npon  one  nnotliur  (from  electrottotic  effeciA),  or  frotu  the  munelic 
elTect  of  tlie  eloctriral  current  (fnm  clectromaeDeth)  efibds),  two  dUTorent 
abmliit«  syatems  of  rncaHitren  are  arrived  at,  vix.  the  ^tctniiatu)  and  th« 
tjetlromaffnttic  xy-ttL-ms,  both  of  whidi  are  ei]iiAlly  JuntJAalile  on  OKlonti^ 
tiaila,  though  the  l&itcr,  being  of  groati^r  pmctioal  o^tficnnoe,  la  mtJtIed  tci 
first  cciiiflidoralion. 

Accordieg  to  Coiilomb'!*  law.  two  mn^ctic  pi>1<s  act  upon  each  otliur 
tntb  a  force  directly  prnporLlniml  ii>  ibe  itriKltict  of  ifaair  iol«iuitie8  and 
inversely  to  the  .tqiiarca  or  tbcir  dimaiu'e.  If  wn  Milect  a>  tlw  tmit  ^^f 
artuyih  [nu),  that  exerted  by  the  force  1  (dyno]  u{>on  an  equally  ttron^  pola 
at  a  itiniaiice  of  1  cm.  ( 144),  tiio  foicc,  m.* :  era.*,  tnaat  w]iia]  the  Inroe- 
tiidt,  cni.-g.-(tec.~*  ^dyiie).  To  mtiko  this  powililo.  wo  miiBt  ascribe  to  the  in.' 
tiie  diinenBioit  cni.'-g.>sec.~*.  and,  accordingly,  to  tin?  ni^  the  unit  of  pole- 


■trenglh,   Hut    dimconioti    VoBi.*-g.-*cc.~*,    ot, 


cm.f-({.'-i 


•ce. 


MoffnttK 


moin^Ht,  or  bar  ma^n<fisiii,  U  Uio  produot  of  the  distAiice  of  the  polea  of  a 
inasriQt  into  itH  pol«-atreiictb.  The  unit  of  moiDtnt  ix  ihun  O'btamed  by 
niultiplyinR  Uie  onit  of  poie-Blr»ngth  by  the  unit  of  longth,  cin..  obtaiuin); 
thu<t  the  dimension  cni.^-g.^-Bcc.''.  A  definite  mojrncf jc  intmnti/,  or  $trmg<h 
ttfjidd,  corrutpouuls  to  evcr>'  point  in  a  raoniDtic  field.  Br  virtue  of  this  intcn- 
tity,  a  fares  ui  exerlwl  ii|H>n  n  n)ag;iii.'tic  jiole  sitiiatod  at  tfie  point  which  ecinalii 
ttie  pTodncI  of  fleld<«lreiigtli  by  luilc^lrKUKtli.  That  tliU  product  may  havo  the 
(limeniiion  of  a  force  (om.-g.-nc.~'),  since  om.f-g.^-nc.~i  is  the  unit  of  po]e- 
atrori^h,  the  unit  of  field -atreiigth  mutt  baTv  the  dimonaioii  cixi*~'-g.'-«oc.~*. 
The  ukbmMity  of  thu  eartli'e  mngnotiiim  at  any  point  upon  its  aurfaoo  ia  of  this 
-tUnenown. 

The  effect  of  a  cItcuIjit  roiidiiclor,  trarer»xl  by  an  electrioil  cutreiit  ti|Mn 
a  niagnelie  pole,  may  bu  replaced  by  tlio  odect  of  ma^elic  bar,  wboM 
nioninit  cqnals  the  product  of  carrcnt-strengtli  into  the  area  of  tlu!  aurfaee 
eDcloeed   by  tlie  circuit.    Tlie   current ■fitrvii;;tli  is,  therofore,  a   magnitude, 
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wliidi,  mnllipli&il  hv  a  AurTiiM,  i.*.  b^  tb«  *<)iiarc  of  t,  lengtli,  \\mr  lIic  Miue 
dimenaon  as  a  mflgnetic  moraent,  viz.  cin.'-R,*-aeo.~'.  Its  (liiuenaoii  is, 
Umroforo.  cm .*-(•.'- sw^"'  :  cm.",  or  etii.l-g,t-«ec,"'.  Tli«  tinil  of  evrrtnt- 
ftrvngtht  cm.*-K.*-sec."',i«tfaetlreiiffllipoe*caM(l by  »ii electrical currenl. which, 
flowing  tlirougD  «  cii>:ukLC  arc  of  raaiua  1  ctn-andof  leiigtji  Icin.,  cxerlaajion 
B  nugiiAtic  pol«  of  str«ngUi  1.  situatod  at  the  oaitn  of  tbo  ciick,  tbv  force  L 
ilyD«.  Ttie  electrical  luiue.  Hawing  through  a  coaductor  iii  u  cvrUin  lituc, 
oqaalx  tin  i>roi)uct  of  this  time  into  the  corrcnt  Htrciigth.  Tlie  witil  <tf 
i^Klricai  tnaat  ta,  thcTcforc,  diat  iuomb  wliich  fumialiQS  it  ounuiit  uf  slrengtli 
t  in  1  tec,  iLiiil  iw  dimciuion  iflcm.l'g.^-t«c.'''xuc,orcm.*-|;.^  The  effect 
o(  heat  prtiiluced  by  an  electrical  current,  fc,  accordiii);  to  Joule'i  law,  wm- 
[sortionaf  to  the  current •ttrenslli  aod  to  the  rciiiijuice  of  the  coniiuclur.  Tfae 
unit  iff  reiislaiiM  tiiu^l,  Iherafore,  uobecbs  the  dimstiBion  cm.-eec.'',  iA  that  of 
a  vdocilv,  ill  onlor  that  the  protluct  uf  thia  unit  b}-  the  KjtiaTtt  of  currtni- 
irtrftiigiii  '(cra.-g.-eec"*)  may  im  Wjusl  to  Ihe  itimoiiiiiuii  of  ttiormn)  elTect 
(cin.*-g.-«*c.~'),  TliR  miii  of  TwifitjiiiPi)  i«,  ilmn,  ihnt  of  h  cotiduclor,  fu  whldi 
aonmnt  of  etrongth  I  Ui3Ve1o[iti  in  l  iu>c  n  i|iittiitiiv  cf  heat  eauivalcnt  to  the 
tinil  of  work  (erg).  Acoordicf  to  Ohni'it  law,  whidi  requiice  tluit  Lbe  elecUo 
nwlive  force  ((liffersiK*  of  potentui],  tennion)  elmU  eijiuil  ihtt  pnjtiuct  of 
ciirreiit-rtrBat^i  bhJ  ri'ristance  of  condnctor,  the  unit  of  etieirtmiurive.  fvrtt, 
(jt  wf  dtxtritsii  potenlia^,  iiiuitt  bo  of  tho  dinxiniuoi)  ciii.'-g.*-i»ec."'.  U  u  thun 
80  'lehimd  an  to  product)  in  a  conductor  of  rceiiilaiice  1,  aii  electrical  current 
vi  iutciidty  1,  aud  a  (inauUty  of  huat  equivalent  bo  the  unit  of  work.  U^  the 
capacity  of  a  cosduclcT  is  tacaot  the  ratio  of  tho  electrical  idoob  upoa  it,  t» 
thu  electrical  tenaion  atiniiicd  by  Ihltt  mai^  The  unit  of  eapacitg  DBS,  tfaoo, 
tlie  (limtnBion  cm.*-g.' :  cm.'-g.^-Bec."',  or  cni.~'-itec.*.    It  belonRR,  coon* 

riDtly,  to  u  conductor  (or  to  B  oondeimr),  wliivh  in  cbarjged  by  the  unit  ol 
otrical  nuuut  (a  the  uiiicof  potsnUal. 

The  dimenoiuuM  of  tho  nnitii  d«nned  abtivo  nro  collected  in  the  tbllowiug 
table:— 

UnlU  or  (hs  AliKluta  ElaeUV^nufBMIf  Sytlao. 

m  polc-rtrongth 

>l  niaKnutlc  inumcnt     

T  field<Ktrongth 

K  ek-clriciJ  ijiitw  ...        .,,        ., 

.1  curroRt-Btrcugih  or  iiit«iiiiity 

It  ru«HtaRco       , 

V  electromotive  force  (potential) 

C  capodtf  , 

These  absolute  eloclroina^elicntiita,  based  npon  thccm.,  g.,nml  sec,  lead 
in  practical  work  wiih  dcctncat  and  magnetic  majmitiidca  to  irn'onveiiiuDtly 
1itn;D  nnmcrictU  values,  although  ihia  is  not  bo  mucli  tlie  cue  hi  llie  obMluto 
njrtcm  OS  in  that  of  Ghum  and  Wcbcr.  The  resiiitance  of  a  Siemena*  naic 
(3H).  fi>r  example,  amoiinta  to  943,400.000  oIiHolHie  units  of  reeirtoaco 
or  9434  x  10*  cin.-acc.~' ;  iIic  electromotive  force  of  a  iJacielV*  cleoKBt  to 
ni),400,(K)0,  or  n04  X  10*  cn..*-g.»-«o.->.  TIi<i  Itritish  Aasoeiatioit  ami 
aft^T  it.  Dio  Paris  tCloctriccil  Conf^refei  (1S81],  luirc,  therefore,  eotaldiiilied 
tmiuble  dwininl  multiples  and  sub-inultiplee  of  the  abMliit*  onita  a*  pradient 
wNir>,  and  to  thete  are  ascribed  the  namea  of  celebrated  phyudato,  vfaoao 
Hpecial  rtiidjr  in  the  neJonco  of  elcctririnr  hag  mod*  th«n  wortJiy  of  th« 


UtMaMaa. 
emJ-g-i-eoc."' 
cm.*-B.*-Mc.~' 
cm."'-g.*-fiec,~' 
cm.*-g.' 
cm.'  s-'-oec."' 
aD.-fiet~' 
cm.'  g.t-wc.""* 
cm.  "'-sec.' 
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honour.  A  reiibUuicG  of  1000  nitltiaii  absolute  units,  ■'.«.  of  the  magmluilu 
10"  cm.-Abc.'',  which  difTera  orly  hy  a  fow  [i^r  coiit.  from  iho  8ii>tueiiB'  unit, 
WM  choHL'n  as  a  bifthor  uoit  of  redgtance,  and  in  chDuiI  titi*  ohrr),  KK)  miUian- 
fnld  the  vdue  of  tbo  abaolutG  unit  of  oltwtnmiotive  forou,  dilfuriiig  incon- 
■iderkbly  from  1  ilnnivl),  fomiN,  undor  thn  name  m^t,iha  |iraclical  unit  of 
electromotive  force,  w  tlml  t  rtilt  vt  10*  t;i».*'K-*-»<:c*^.  The  ittrcn^h  oT 
the  current,  which  [iri«lii(^i:»  tiie  <!K-i:lroniutJve  furee  of  1  volt  in  a  oirciiitof  t 
ohm's  reriatauce,  h  cdkil  thi'  aia[iert.  One  tiinpira  is  one-teiitli  jiott  of  the 
nfciolttte  nnit  of  cunwit-iitreiiglh,  or  lO-'-cm.'-^.'-eeo."'.  and  i*  a  little  raoro 
than  ten  times  as  zraat  u  the  oxy-li^dro^n  nnit  of  Jacobi.  The  quantity  of 
dectricit^Uowhijjinl  MNiODcl  throu)fli  the  crOM-^ootlon  of  a  wlrn  with  current- 
tsti^Di^th  1  ftnipiire  la  called  the  eoulonti  (Fi){.  212).  It  vqualR  oao-tentli  of 
the  nb»Dliil«  electrical  unit,  or  10"' t:ni.*-g.*.  Finally,  tho  cdpocity  of  «  con- 
ductor, which,  nndvr  tho  iRflu«iice  of  th«  Rluctromoiivo  force  of  I  rolt,  l&kes 
ii|i  t3i«  qimiility  of  olectrlllcatioD  of  1  coabrah,  is  termed  ihv/amd.  Ooi'  fand 
!"  die  lIMW  millioinUi  part  of  the  aJieoiiite  unit  of  capkcity,  or  H(""cin.-'-i*c». 
Thexe  |irft(^licAl  iinitH  of  the  dcctroinagnctic  ■yftviii  ue  collected  ia  the 
following  tnhie,  ti>gcthor  vritli  tlieir  alisulutc  valiins : — 

Colt  of-  V*an.  Valo*  In  aliKlut*  nnltt. 

K1ectn»il  luans  couloni!>  10"' cm.'-g.' 

C  linen  ttttrungth  tiiiniiro  10"'  cm  .*.g.*Hiec."' 

Kesislanvs  uhni  lO^'oni.-Ki^t'.'' 

KlircLromolJTw  force  ^i'olt  10*  cni,'.;-.'-seo."' 

Capiicity  farad  H)"*'cai."'-ti«:.' 

lu  acconlnace  ^Tith  tlio  dcciwvii  of  the  lirst  Couforcnco  of  EJoctriuiao* 
(1682),  the  ohm  was  to  haro  be«u  definei)  by  the  riMintAiicu  of  a  mercurial 
coliunn  of  1  tq.  mm.  erove-scctwii  at  (P  C.  Tho  uiuaaurciaeDts  (;iT7)  then 
at  diapoeal  did  not,  hovawr,  Hfaow  tlio  mctcmry  degree  of  occordanoo  to 
waimnt  ]irDc«fldiiiE  upoa  thom  lo  tho  ««tahludiiiMiiit  of  a  tmrmal  system  of 
meaeima.  Tlie  donfertiKce,  which  romidcrvd  &n  accnmcy  to  1  mni.  to  be 
raqidndi  revoramended  the  toiitiiiualiuii  of  invcnciKiktiun,  ojid  reserved  the 
extebllahinerit  of  tho  ohm  to  an  iiiumatioual  conimi!di»ii.  Ptmuaut  lo  tUfl 
eonrluBion,  by  tlic  timu  of  tho  twcoiid  Coofcioaco  of  Hectj^ioiaiin  In  18U,  an 
extensive  wriee  of  careful  obs€^^-BliaIlfl  were  at  hand,  but  iho  degree  of 
nconracy  rvqiiircil  liibd  nut  yet  hcuu  attiunciL  The  CoDrcreDco.  Iiowerer, 
eonidilcred  tlie  dcirree  of  conoapondeooc  attnuied  by  tliii)  tiim^,  to  niffice  for 
the  nocdn  of  jimctice,  and  decided  the  "  Usat  o&m  "  lo  \x  tho  renstanoe  of  n 
voliimu  iif  mercury  IDS  cm.  loitK  and  of  1  n].  mm.  CTom-«ecti»n  at  0"  C. 
(224j.  I'hi'  Iryat  voll  was  taken  as  the  olecini motive  fonce,  whidi.  In  a 
oiiGutl  of  I  (1^°^)  '^^^  reststanoe,  pioOtioea  tlio  unit  of  current-strength, 
or  1  ampirv.  To  oMablicb  this  Utter  anit,  it  waa  rHeired  to  the  fongtang 
acientiflc  deSrutioii,  because  tho  direct  delermiuatioD  of  its  thcoreticsl  ralao 
appeared  essior  tlian  ks  derii'ation  from  the  ohm  and  volt. 

In  the  utaoltttt  ttttinttatic  lyften,  the  da&nitlon  of  eleOuka]  man  b  heaeil 
noon  tha  DiuttaleAectof  electrim  chac;g;ea.  Ifwetakaaatfaeelectroataticudt 
uf  electrical  maw  (E'),  that  nuM,  which  exerts  ujion  another  raaa  eoual  to  It,  at 
a  dtcAaiii-e  of  1  cm..  Ili«  forc«  of  1  (dyne)  (162),  according  to  Coiilomb's  law. 
E* :  cm.  mait  «iual  ihis  unil  of  fortw,  givUig  the  dimension  cm.-g,-«c.~",  or 
E"*  =  cm.'-g.-iieo,"*.  Tho  unit  </  tiettrual  moa*  has,  therBfon.',  in  tlus  system 
the  dimension  cm.*-g,t^wt-i.  Sitico  tlic  currGnt-strfi^th  (-V)  lict^  also 
iodicat««  Ihu  qaaotity  of  ekcirictty  flo^ng  through  a  coodnetor  in  the  nnit  of 


cm.'-g.*-Bec.~^ 


'-sec, 
t, 

cm. 


cra.*-g.*-Bec.~' 
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time,  the  unit  of  current-ttrmgth  is  E' :  Bcc,  or  cm.*-g.*-sec,~'.  The  unit  of 
electrical  capacity,  C,  equals  the  linear  unit,  cm.,  for  we  know  that  the  capacity 
of  a  sphere  equua  its  radius ;  and  since  the  electrical  mass  upon  a  conductor 
equals  the  product  of  its  capacity  and  its  potential  (E'  =  C  V'),  the  wnit  of 
dedroitatic  po(e»(K»I  must  be  of  the  dimension,  V  =  E' :  G',orcm.*-g.*-Bec.-», 
According  to  Ohm's  law,  the  resistance  R'  =  V' :  J'.  Hence  the  unitofTtai^- 
ance  has  the  dimension  cm.*^.*-Bec.~' :  cinJ-g-*-Bec.~*,  or  cm.~'-sec.  We 
have  then  the  following  summary  of  units  of  the  electrostatic  system : — 

E'  electrical  mass  cm.'-g,*-sec.~' 

J'  cutrent-strength 

R'  resistance      

V  potential        

C  capacity        

These  magnitudes  are  thus  seen  to  furnish  measures  in  the  electrostatic 
system,  in  terms  of  units  of  different  dimensions  from  those  in  the  electro- 
magnetic system.  The  ratios  of  the  numerical  measures  of  like-named 
magnitudes  In  the  two  systems  are,  therefore,  not  abstract  numbers,  bat  have 
the  following  dimensions : — 

=■  =  cm.-sec  ~',  y  =  cm.-6ec.~',  „  =  cni,~*-sec,'', 

V  C 

^  =  cm.~i-Bec.,  =r  =  cm.*-Bec.-^- 

It  will  be  observed  that  all  these  ratios  are  expressible  by  a  number  of  the 
dimennon  cm.^ec."*,  t'-e.  by  a  velocity.  This  ma^itude  was  determined  by 
a  comparison  of  electrical  masses  (W.  Weber  and  R.  Kohlrausch),  mcasored 
in  terms  of  electrostatic  and  electromagnetic  units;  of  potentials  fW. 
Thomson,  Maxwell),  and  of  capacities  (Ayrton,  Perry,  J.  Thomson),  and  H 
was  found  equal  to  3  .  10"*  cm.-sec. '•,  or  300,000  kra.-sec.  It  is,  therefore, 
almost  equal  to  the  velocity  of  propagation  of  light.  The  electromagnetic 
unit  of  electrical  mass  contains,  then,  30,000  millions  of  electrostatic  units, 
and  a  current  of  I  ampere  intensity  carries,  in  1  sec,  3000  million  such  units 
through  each  cross-section  of  the  conductor. 


(       "3       ) 
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A.    WAVK  MOTION. 
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284,  Wave  Motion. — A  wave  motion  ariiie:^  whenever  a  sningiog 
motion  is  pTopagatiMl  with  nuiforni  velocity  slong  a  KUCce«sioii  of 
|x»iiit8,  or  in  a  contimiuus  medium  of  any  kind,  jmivideil  that  the 
motion  is  of  such  chtiractLT  that  uat:h  »U(^»e(iing  jmrticle  io  the 
<liroctiou  of  propa^aiiun  Wj^iiis  its  vibration  lattir  timn  thu  t'ure- 
going;  by  an  interval  of  time  correspoiiding  tu  its  cUstauce  frt>in 
the  partiGle  timt  wet  in  motiou.  A  fieU  of  wttviny  grain  furnishes 
a  grapbic  pioture  ot'  tlie  progress  of  events  with  wave  motion. 
I*!acl]  head  of  nOicat  is  l^nt  ddwnM'ani  by  the  wiml.  but  is  again 
raised  by  virtui^  nf  lh»  vlnntioity  uf  the  atalk,  bends  again  iIomi> 
ward,  etc..  executing  tliii«  regularly  its  repeated  vibratious.  The 
following  hends  ore  set  in  vibration  by  the  impulse  of  the  wind 
which  slartwl  the  first,  by  an  intttrval  of  time  after  the  first, 
which  increajieH  the  farther  dowu  the  line  of  heads  it  stands.  Thig 
regular  alteni«ti4m  uf  rimj  ami  fall  of  the  heads  of  grain  gives 
to  the  surface  uf  the  field  at  any  instant  the  form  of  alternate 
olevatiouB  and  dcprcexiutu.  A  wave  is  soeu  to  pass  across  tbu 
Held  with  the  reliK-ily  cf  the  wind,  while  each  particular  head, 
nK>ted  to  its  place,  viljrates  only  within  a  very  limited  region. 

Wave  motion  may  alaci  he  well  imitated  by  means  of  so- 
"•ailed  wave  machiiie:^.  In  Mach's  niariiine  a  mw  of  spherical 
pendulums  is  suspended  along  a  gra^luutcd  scale,  or  bar,  each 
by  two  threads,  so  that  each  may  swing  only  in  a  direction 
[wrpendicular  ty  the  line  of  contrw  of  suspension.  If  all  of 
the  sphea's  be  dra»ii  aside  equally  by  means  of  a  bar,  and 
the  bar  be  then  drawn  in  tlie  direction  of  the  line  of  suspension 
(AU,  Fig.  257)  uitli  uniform  velocity,  one  after  the  oilier  is 
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released,  anrl,  since  each  vibrates  perppmliciiliirly  in  AB,  «>  that 
sef^n  from  alx}ve  at  any  moiueat  in  tlieir  totality  the  api)«arance 
U  as  that  in  Fip.  257,  with  curves  first  towaril  tlio  ouo  side, 
sii«I  then  toward  tho  oth(«r,  tho  curves  sooming  to  glide 
smoothlj  aluiig  the  line  of  liallR. 

Iti  COM)  uf  the  liehl  of  waving  grain,  and  al.sii  iu  the  row  of 
pendnlnnis,  the  queatiou  ta  to  what  troasiuits  the  inntion  fh^ni 
each  particle  to  the  next  does  not  arise.     In  a  mcdinm  wboee 


Flu.  257.— S<trie«  ut  Wnrm. 

particles  miitiiftlly  act  and  react  ujwn  each  other  by  virtue  of 
the  forces  acting  between  them,  this  transmission  is  mediated 
by  thesie  forct^s  themselves.  Lic^uid  wares  furnish  an  exempli* 
flcatian  of  lliis  fact. 

If  a  stone  li  thrown  ti|iou  tho  smooth  surface  of  standing 

water,  the  liquid  at  tho   p'>iut   where  the  stone  strikes  w 

depressed,  but  it    is    immodiately  eumpelled    to  rise  by  the 

pressure  of  the  surruiindinj,'  water.    Haiing  reached  its  original 

level,  instead  of  remaining  at  re.st.  it  continues  to  move  upwani, 

until  gravity  acting  against  it.  compels  it  again  to  aink.     The 

particle  of  water  first  dii^placed  fp)m  its  position  of  rest  by 

tho  stone,  eiecutM  a  succossiun  of  such  upward  and  downward 

vibrations.     But  the  equilibrium  of  the  surface  of  the  wkter 

cannot  be  disturbed  at  one  place  without  a  distnrbance  being 

tnnsmittcd  to  nnigbbnuring  particles,  bncau^nf  thect^iial  trans- 

misflimi  III  the  prcHsiire  uf  the  watur  in  all  poiuiblo  directions. 

This  transmitted  diitturl^anco  oomptrls  the  surrounding  particles 

to  vibrate  in  unisiin  with  the  particle  Jirst  disturbed,  CHch  remoter 

particle  beginning  its  vibration  a  little  later  than   the  one 

immediately  before  it     Kvery  rise  of  the  first  jiarticle  occasioiw 

a  wnking  of  tlinse  .turrounding  it,  ami,  since  the  efiect  advances 

in  all  diroctiimsr  a  circular  depressiim  is  produced  about  the 

centra  of   disturbaaco.     This  depression   causes,  likewise,  a 

corraspouding  elevation  of  the  panicles  around  it,  which  follow^ 

the  preceding  trough  iu  the  form  of  a  er«»t.     While,  therefore, 

the  original  {larticle  is  completing  an  entire  vibration  consisting 
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of  un  cluvation  nii'I  n  deprcflsioa,  it  produces  a  cumplete  wave 
formed  or  a  ereat  and  a  trough  aitd,  conliimiiig  to  ribiate,  ucn 
t'irviilnr  wavos  {■ontiiUK!  Ui  eintiiiHte  fnim  it.  Theiui  waves 
expanding  outward  with  uniform  veloi^ity  advance  itver  tlie 
surface  of  the  water.  It  is,  hoirever,  only  the  form  of  the 
liquid  surliwo  tliat  advance*,  and  noi  the  waivr  itself.  The  [mr- 
ticlo9  of  water  leave  their  plates  uu  more  than  do  the  stulkni  of 
ft  waving  gTftia  field,  'lliey  merely  vibrate  iipward  and  down- 
ward, m  may  ije  readily  seen  hy  means  of  a  small  pteiw  of  lloatiag 
world,  whii.'Ii  iniitate»  the  vibratory  luutluii  uf  ihe  water  parlieles. 
The  complete  series  of  ringa,  proceeding  from  the  same  centre 
of  disturbance,  forms  what  is  called  a  wave-gystem.  A  straight 
line,  ilratvii  from  the  centre  of  the  eyniteiu  upon  the  flurfaco  of 
the  water,  is  called  a  uiotw-ray.  AH  particles  which,  in  a  state  of 
rest,  lie  on  thi«  line  are  dnrinj;  vibration  partly  aUive  and  partly 
lielow  il,  ai'fiinling  as  they  eonstilute  a  portion  of  a  wav«  iiretut, 
or  of  a  wave  trough  at  the  instant  consldoted.  They  form, 
therefore,  in  their  continuous  succession  a  tcave^tne  cnrv&l 
upward  and  dowiiwarl.  The  iHirtion  of  the  ray  intercoptpd  by 
a  complete  wave,  i>.  by  a  crest  and  a  trough,  is  called  a  traro- 
Jtrnffth. 

To  oliserve  the  motion  of  the  partinteB  of  water  during  the 
pro]iagatiou  of  a  wave,  the  brothers  E.  H.  and  W.  Weber  (18'^) 
used  a  long  narrow  trough  with  side  nalU  made  of  glass  plates. 
A  powder  of  tlio  Kamt^  specific  gruvity  a.t  water  (awlter)  was 
mixed  with  the  water.  The  particles  of  the  powder  umdo  risible 
the  motion  of  the  ])artiulei4  of  water  within  which  they  floated, 
and  whoAe  motions  they  shared.  It  was  found  that  tho  water 
particles  deocribe  curvilinear  paths  in  the  vertical  plane  through 
the  direction  nf  propagation.  These  paths  were  found  to  lie 
circles  at  the  surface,  but  below  the  siuface  they  were  elli}ises 
of  smaller  and  smaller  rertical  diameters  with  increasing  depth 
beh)W  the  surfwe. 

In  Fig.  2.}S,  I.,  let  the  circles  0  to  12  represent  the  paths 
of  i3  particles  of  water,  which,  in  a  state  of  rest,  lie  at  e<)ual 
distances  ai>art,  ujNin  th»  horizontal  surface  of  the  water.  I^t 
us  oousider  the  jiositioiLs  of  all  the  iMirticIes  nheu  the  ono  at  <>. 
after  having  completed  an  entire  circuit  and  returned  again 
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into  the  plane  of  the  water,  b  just  ou  the  pnint  of  Ktttrting  ujkiii 
iU  BdooDd  circuit.  If,  <iiiriiig  the  first  circiiit,  the  motion  han 
been  propaf?a1«d  to  the  particle  12,  the  latter  U  just  oa  the 
[Kiiot  of  (ilartiug  ii|iuu  \U  first  circuit,  i.e.  it  ti  an  entire  circuit 
bohiud  the  mutiuu  of  the  particle  at  U.  The  lerticte  1 ,  being 
oulv  ,^;  aa  far  from  0  as  12,  is  only  ^j  uf  a  (■imnit  behind 
the  particle  0,  aud  has,  therefore,  cuuipletod  -{-f  of  a  revolution. 
Similarly,  the  jKtrticles  2,  3,  4,  .  .  .  have  at  the  iu^tont  con- 
sidered, performed  respectively  only  \%,  ^\,  iVt  .  .  .  «»f  ■  revo- 
lution, and  are  aitiuited  at  the  ptaues  indicated  in  the  draning 
by  blfu^k  dutft!.  We  nbould  Dud  the  positions  of  nil  intermediate 
|)«rti('les  not  xhtiwu  iu  the  drawing,  if  the  points  designated 
should  be  connected  by  a  eontinuons  curve  giving  the  line  of  the 
wavy.  After  tS  '*1^  ^l*®  period  of  revuhitiuu,  each  of  the  points 
trill  have  advADced  by  ^^  of  the  circumference,  and  the  points 
will  now  lie  upon  the  doited  line  of  the  ««vc,  which  dift'ers  from 
the  former  only  in  thai  it  is  displaced  forward  in  the  dire<'tion 
of  pro{ia}^alion. 

We  recognize  iunnediutuly  that  diiriti^r  a  [wriml  of  revulutiou 
%  complete  nure  euusisting  of  a  crosl  and  n  trough  is  pro<luce<l. 
The  wave  length  la  then  the  diatanco  through  which  the  motion 
uflvancos  through  the  series  of  particles,  while  any  particle  i^ 
««)mpleting  a  whole  revolution,  or  an  entire  vibration.  If  A 
denote  the  wave  length,  V  the  velocity  of  propagation,  and  T 

ihe  period,  or  time  of  vibration,  we  liave  A  =  VT.    Tf  n  =  ,,, 

u  the  number  of  vibrations,  t>.  the  number  of  revetutious  per 
[iecond,  since  each  vibration  producer  a  ware;  vtihin  the  distance. 
V,  by  which  the  moliou  is  propagate*!  in  1  sec,  as  manr  wave 
lengths  must  lie  cootaiued  as  there  are  nnits-in  the  number  of 
ribiations,  or  V  =  «X. 

While  u  )wrticle  of  water  is  describing  its  circle,  it  is  driven 
niiuultancously  vctticully  upnard  and  do^^nward,  and  hurizun- 
tally  forward  and  backward,  in  the  direction  of  profiagatioa. 
We  may,  if  we  chiKwe,  roganl  the  uniform  motion  in  a  circle,  aa 
was  done  (40)  with  the  [Ktndulnui,  as  cumpouuded  of  two  recti- 
linear  vibrations  jierpendicnlar  to  each  other,u.ud  iMJth  of  the  some 
duration.    The  former  vibrations  perpendicular  to  the  diroetion 
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of  pn.pagation,  imd  hence,  alw)  in  the  Uii-ectioii  ]«rpendi<-ii 

Ui  l.he  wave-ray,  ore  ceAXeA  tra.n$- 

verse;    while    the   latter,   which     ■ 

tftke  jtlive   in   the  <lirei?tton   of 

(ir()|iiij^'Hliim,  ami  heiiee  {)arH)lel 

to  the  ray  itmjlf,  are  c«lle*l  ?n»</*- 

fudintd.      Waves    composeil    "f 

thciie    vibratiuos   are   situilarty 

liesipnateti.     A  wave  of  water  is 

coiupountlod   uf  ft   l»ngittidinal 

ftn<I  a  transvcrefc  wave. 

In  other  modes  of  viliration. 
theoe  HJnipIe  waves  may  exist 
separately.  If  the  vcrticTal  d'w 
pluceiuout  upward  uiid  doMoivard 
t'rora  the  positions  of  RiiiulilmHm 
<if  the  parti<'le«  l>e  philled  aluilu. 
as  in  Fig.  208,  II.,  we  obtain 
the  goimiirtrical  reprexontation 
Iff  a  troiwverat;  wove.  If  only 
the  horizontal  displo'.'ement  be 
plotted,  we  obtain  a  pioture  of 
the  horiswtntal  wave.  Sinoe  in  the 
latter  case  uu  partick**  move  out 
of  the  direction  of  the  ray,  longi- 
tudinal wavesdo  not  exhibit  wave- 
likeioruis;  theydonot  havecreats 
and  troughs;  but  it  is  readily 
oltserved  that  the  partielen  indi- 
cated in  Fig.  258,  II.,  by  small 
virvlM,  from  0  to  3  and  fntm  0 
to  12  ore  iteparated  further  from 
one  another,  wliilo  those  from 
3  to  0  are  cromled  together  more 
vluaely  than  when  thev  are  in  a 
state  uf  rest.  In  the  niodiiun 
tbzough  which  it  advances,  there- 
fore,* longitudinal  wave  produces 
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altoniate  coiulen^itiniis  eiid  rarefaetioD»,  which  have  their 
gretilest  values  at  the  iwints  0  and  ii.  removed  from  each  other 
by  half  8  wave-length. 

Uoch's  mLve  machine,  in  the  above  experiment,  fiimishc<l  a 
repreeentation  of  a  tntni^vorxe  wave,  for  all  the  balls  vibnit«il 
peq>«ndicnlarly  to  tlio  line,  in  which  they  lay  when  at  reet. 
Tiie  w-nves  nf  a  eord  which  are  obtained,  fur  example,  liy  vibrating 
with  the  hand,  in  a  dirwtiim  perpendicularly  Ut  its  length,  a 
h)n^  rubWr  tube  fastened  at  its  ends,  are  Iranjiverse  waves. 
Maeh'^  apparatus  is  so  arranged  that,  after  the  viWations  are 
starte'I  in  the  nave  indicate]  above,  all  the  planes  of  vibralinD 
may  tdm  simultaneotwiy  thTMiish  W.  The  bdlie  then  swiup 
alun^  the  liue  of  the  snpp^irts,  and  the  furnier  tramvorse  nave 
is  tmiuifurmed  int^i  «  longitudinal  wiih  alt»?niatp  condensations 
and  rHrefac-tioua.  In  I'lg.  2')8.  II.,  this  rotation  through  iW>  is 
iiidii-ated  by  a  dotted  circular  arc.  A  real  lanpitndinal  wave. 
prijpa;ri»toil  nul  by  external  means,  but  by  the  elastic  forces  of 
sllWtaaces,  is  obtained  when  an  impulse  is  imparted  at  one  eud 
<»f  a  long  spiral  wire,  in  the  direction  uf  the  axis  of  ft  npiml. 
which  is  suspended  horizontally  by  threads.  The  swinj^iog  to 
and  frii  nf  the  separate  windings  gives  rine  to  the  appearanre  of 
a  eoudensation  and  rarefautioD  of  tht^ 
spiral  while  the  wave  i>a.Hse3  along  in 
the  direction  uf  itij  length. 

If  a  iwirticl*,  P,  movtt  iiniformJv  in  a  cirele 
(Fig.  iSS)  of  ridfiu,  a,  uA  c^iicra  at  0.  niid  if 
aft«r  tbe  tin)^  I,  the  arc.  AC,  corTabiwmlUic  to 
tli«  angle,  ■,  dm  beow  trarorecd  from  A,  ii.H  Jifc- 
plaoemeiit  |icrp<<nilicii]ar  to  the  dirocliflu  of  |)ro- 

KKatioa,  All,  ut  iiKlic^k-d  by  tlic  pt-nwDilicviar. 
i=y  =a  tin  «,  dro(>|>«<l  from  [•  mwri  AOH   IIcr. 
if  T  denote  thciienvd  of  rvvolutioD,  or  U»e  linie  uf 

800°  f 
vUaaltoD,  wt  bavo  «  :  MO*  : :  I :  T,  wlieti«)  >  =  —Tf- .    The  diapbcemeai 

300°  r 
dlor  iho  tiniR,  l,v  theraforey  sa.tiii  -y  ■  or,  if  lln  angle  it  «(pro««<l  in 

•re,  tiy  y  =  ffl.«n^Jr-  . 

Tlio  mnxiiiuim  deration,  a,  which  occura  irben  t  =  }T,  JT,  JT, . . .  !■ 
calted  iIh)  amplilKilf :  ili«  iiiMxiitaneoiu  condition  of  luolitHi  «ijir«aMd  by 

_  b  called  tliOfAoM,  Bud  (  kibe  correqioiidiiig  lime  ofpluiw.    If  a  partfclt 
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bi  tlio  iliroction  of  the  mj  u  shintod  At  the  JJiUaQCo  x  from  llie  tvirliclc  jnst 
coDBiJerei],  lU  tiniQ  of  phow  ii  f  —  t,  ET  «  b  t1ta  time  requlruU  for  i)n-  »ma^nii 
motion  to  ii«  propagrnlcd  tliroiit^h  tli«  dUtanco  x.  Rinc«  the  mulimi  Ailrancvs 
tliroug)i  tho  tinccettion  of  pftrtidea  rlurini;  the  interval  of  one  vibration,  T.  1>v 

this  WRve-Iungtlir  A,  wo  miiat  liiiv«  r  :  T  =  s  :  a,  or  I,  =  ^,  ani  the  demtinn 

»t tin  pUw  of  tlic  ray  f^ven  hy  xity  =  aaa Z-Ja  -  j] • 

This  eqnntion  gives  for  each  patticular  tkIiiq  of  x  Uie  ilivjilncemciit  durina: 
llie  liino  of  the  partklo  located  by  ,r,  anil  far  oacli  pai-ticular  vnliiu  of  t. 
ihc  |)0ii[tioii8  for  tbtE  mma  iutant  of  all  tlio  flucL-eafrire  particleti  alone  tlx! 
ray,  whence  the  form  of  the  tntnsvrrac  mve  is  a  Miniuoid.  This  ecgUDlion  » 
called  nimnly  ttit^  diuaixori  ofa  wnvu-rnv.  It  htA6s.  moreover,  jnat  as  vnllfai 
a  lODKitixlinal  vrnvc,  tiiico  t1iQ  latter  ajMfvs  frotn  a  Imasversc  nave  bv  n  men* 
rotation  of  iliu  <liroctloi]  of  vilirati«ii  tlinMiKh  I'd"  witboitt  any  altLTittioii  of  thf 
nrnoiint  of  the  ileviation  (cf.  Fig.  2M,  11.)^  The  ilixplncamunl,  jr.  it  pniodiv. 
><oili  in  reject  to  (  asaUo  in  ronpect  to  x.  If,  nitli  a  conHtant  valus  of  ar.  Ihi* 
lime,  (.  is  incroaaod  by  T,  or  -witli  a  conalanl  vjilna  of  t,  tlie  tliKianra  a  i- 
incTeaxed  hy  A,  y  pusses  tliraiigh  the  entire  period  of  its  values  lying  I>i>Itrepit 
—  R  and  +  a. 

If  vre  cousider  the  two  pflrtieles  which  at  tho  instant  in 
question  lie  at  the  tops  of  twoa'ljacent  crests,  both  particles  will 
be  found  to  be  jnst  on  the  point  of  depaitJLg  from  this  highoi't 
jHtaition  to  more  ilownivaTil.  These  particles,  which  are  obviousl  v 
at  a  distance  of  one  wave-len^h  apart,  are  in  the  same  phase 
(wnrfi'iion  of  vibration).  This  holds  generally  of  ever\'  pair  of 
|)articlea  Hoparated  by  one,  or  more,  entire  wave-leugths  from 
eai-h  other.  Their  motions  take  place  in  complete  imiain.  If. 
on  tho  contraty,  we  select  ivny  particles  Mparate"!  by  a  ilistanci- 
of  tme-half  a  wave-length ;  one,  for  example,  at  the  top  of  a 
Croat  an*!  the  other  at  tho  bottom  of  the  adjacent  trough,  we 
uhall  find  them  to  be  in  exactly  opposite  oon<Utions  of  vibtation. 
While  the  former  is  starting  downwani  froiu  its  bigheKt 
puditioD,  the  latter  is  just  on  the  point  of  starling  upward  fW>in 
itit  lowest  puaition.  In  general,  it  is  apparent  that  the  motiou:^ 
uf  two  particles  separated  by  a  distance  equal  to  half  n  wara* 
len^h,  or  to  any  odd  multiple  of  half  a  wave-length,  are  in  all 
rcttpects  in  complete  oppo>«ilion  tn  one  another. 

886.  Interftrtnoa. — If  two  stones  are  thrown  into  standing 
water  nt  some  distance  from  each  other,  two  systems  of  wareti 
arise,  which  emsH  earh  other  as  tlioy  sprea«I  ontwonl.  \t  the 
places  of  iutereection  the  surface  is  seeu  to  be  covered  nith  a 
beautiful  network  of  small  eloTations  and  depressions  due  t" 
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t1ie<-'i>ii)liined  action,  or  in  what  >s  termed  the  inler/eretu:e,o{  the 
waves  of  tbe  two  eysteins.  "Wherever  two  crests  meet,  water 
rises  to  twice  Iho  hei-jlit  of  a  single  crest,  «ii(l  wherever  two 
troughs  croaa  one  anolhor  it  sJuks  to  double  the  depth  of  a 
single  trough.  On  the  other  hand,  vhere  a  creat  meets  a 
trough,  the  water  is  brought  to  its  original  pofiition  of  equili- 
brium, i'^.  the  two  undulations  here  mutually  destroy  each 
other.  In  general,  ovory  particle  in  a  medium  disturbed  hy 
two  or  more  equal,  or  iiuoi^|ual,  sj^toiaa  of  waves  of  eroall 
deviatious,  KuETers  a  dispW^nient  equal  to  the  sum  of  all  the 
displacements  imparted  to  it  at  the  instant  considered  by  all 
the  indiridual  nave  systoait;.  To  form  this  sum,  all  elcratioiis 
are  addod  and  all  depressions  subtracted.  The  motion  of  the 
[lartido  actually  otwurring  is,  go  to  speak,  tbe  haloTi^  of  all  the 
partial  motions  to  wbirh  it  is  subject.  This  proposition  i.s  called 
the  principle,  of  auperpoaition  of  vibrations,  because  it  merely 
expresses  Ihi-  fact  that  ovory  wave-system  lies  upon  a  snrfaoo 
already  disturbed  by  imdulationa  prcwrwely  a:)  it  would  if  it 
alone  were  present  upon  the  quiet  surface.  Each  system  of 
wares  is  formed  aa  though  do  other  system  were  present,  main- 
Laina  iu  particular  existence  during  intcrlbrence  with  other 
riygtems,  and  adviiuce:s.  after  crossing  other  systems  aod  actJDg 
together  with  them  (iutcrrering),  over  the  quiet  surlWce  of  tbe 
water  as  though  it  hod  suiVered  iki  di^turbant^  whatever.  For 
I'xample,  wo  observe  the  wavelets  caused  by  falling  drope  of 
rain  upon  tho  waves  produced  by  a  boat  just  as  distinctly  as 
ii|H>ri  the  quiet  surface).  We  have  also  observed  how  these 
large  waves,  when  [msHiiig  at^ross  a  portion  of  the  surface  dis* 
inrbed  by  the  wind,  take  the  umaller  ones  uiwu  their  backs,  so 
til  speak,  |>a.4s  ap|)areutly  boucath  them,  leaving  the  aurCoce 
disturbed  by  the  wind  l>ehind  them  apparently  untouched, 
advancing  beyond  iu  their  original  form. 

286.  Stationary  Wavei.— The  interference  of  two  waves  of 
e<|ual  length  and  duration,  when  moving  in  opposite  directions, 
is  particularly  noteworthy.  If.  at  the  instant  considered,  two 
waves  have  the  poation  of  Fig.  2G0, 1.,  hi  ich  that  the  erents  of  the 
oue  and  the  troughs  of  tbe  other  exactly  coiuciJe,  the  displace- 
ments are  then  everywhere  equal  aud  opposite, and  all  particles 
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are,  for  tlie  histAnt,  in  the  position  of  e((uilibrium.  If  now  Ihe 
wart-8  iiiilicBted  by  the  fainter  fall  line  and  by  ibe  dotted  Hue. 
reapoctivcly,  advance  in  opposite  ttenaes.  e.g.  in  the  jtositiou  of 
Fif;.  26U,  II.,  from  their  interference  there  will  arise  cfuob  u 
wave  as  is  indlcatcil  by  the  heavy  full  line  of  oc]u»l  length 
and  ditration.  At  the  point«  of  intersection,  B^  By -B»  .  .  . 
with  nwpopt  to  uhicb  both  waves  in  their  opposite  eoureeH 
remain  symmetrically  situated,  the  displat^ments  are  equal 
and  in  the  same  direction,  and,  consequently,  add  to  each  otlier. 
At  these  pbic«a,  separated  by  half  a  wavo-length  from  one 
aii'utber,  the    paiticlos  are    driven    altern»tely   iipwanl    and 
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jownward  by  double  the  former  displacement.  At  the  points 
Ki,  K„  K.-t, .  .  .  on  the  contrary,  lying  midway  between  the 
points  B„  Bj,  Rp  .  .  .  and  bonce  also  separated  from  one 
another  by  half  a  nave-length,  the  displacements  are  equal 
and  opjio((ite,  and  neutralize  each  other.  If  the  ivaves  move 
farther  across  each  other,  it  will  be  seen  that  at  the  points 
K„  K»  Kj, .  .  .  the  diaplawmente  are  always  e<jnal  and  npposit©, 
while  at  the  ]K>iuts  B,,  B^  Bj, .  .  .  they  remain  alnays  equal 
and  in  the  some  sense.  The  particles,  K|,  Ki,  Kg,  ...  re- 
main, therefore,  alwayit  at  rc»t  in  their  [msitionn  f>f  equi- 
librium, nlulo  the  jiartictcs  6,,  Ji,,  Bj,  ■  •  •  vibrato  with 
iDcreosed  emphasis  upwani  and  downward,  reftobing  their  moxi- 
muta  deviatiun  nlicn  the  nare^  have  ndvonccl  fri>m  the 
position,  1,  e«cb  by  a  quarter  of  a  wave  length,  so  that  now 
everywhere  crest  coincides  with  crest  and  trough  with  trough. 
The  fumis  assumed  by  the  resultant  waves  in  the  successive 
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stages  of  an  entire  Tibration  are  given  in  Fig.  261,  each  after 
I'j-  of  a  vibration.  It  is  evident  tiiat  all  particles  pass  simul- 
taaeonsly  tbrough  their  positions  of  equilibrium  (at  0,  6,  and 
12),  reach  at  the  same  instant  their  maximum  deviation  (at  3 
and  9),  and  are  always,  at  a  given  moment,  in  the  same  phase  of 
vibration,  the  amplitude  alone  changing  periodically  &om  place 
to  place.     The  form  of  the  wave,  therefore,  does  not  advance, 


Fio.  261. — Statiobary  Wavce. 

for  which  reason  such  waves  are  called  stationary  in  contra- 
distinction to  the  progressive  waves  considered  above,  where 
each  successive  particle  in  the  direction  of  propagation  passes 
its  position  of  equilibrium  later  than  the  preceding.  The 
points  K|,  Kj,  K„  . . .  which  remain  always  at  rest,  are  called 
tuxles;  the  i)oints  B„  Bj,  B3.  .  .  .  where  the  most  vigorous 
vibration  takes  place,  are  called  atUiiodes. 

Stationary  transverse  naves  are  easily  )>roduced  by  means  of 


\rAVE8  AUD   SO  USD. 


456 


a  rop*.  or  of  a  long,  slack  rubber  tube.    If  the  tube  is  Hxed  at 
une  end,  uml  a  smiilen  upwtinl  displacement  is  imimrteii  t/>  the 
other  cod  by  the  hand,  thin  displacemont  may  bo  tiecu  tu  jiasB 
as  ft  orost  aloog  the  tube  and  roturu  a^nin  as  a  crest,  or  a 
trough.      The  wavo  is,  therofurc,  refieeUd  at  the  tixod  end.     IT 
the  sefHini]  end  is  movable,  as  is  the  i^ase  with  a  freely  hanging 
flexible  tube,  or  with  such  a  tube  attached  to  a  long  slender 
threari,  the  crest  returns  ii};iLin  as  a  crest    ReSeotiuu,  therefore, 
lake^  pWe  at  the  free  end  with  the  same  direction  of  viliratiou. 
It'  nuw  the  end  of  tho  tube  hol<l  in  the  hand  is  moved 
rhytlimioftUy  upward  and  downward,  the  train  of  waves  pro- 
duced at  the  liaiid  interferes  with  that  reflected  from  the  other 
end,  and  Htatioimr)'  waves  nith  nodasand  antiaudes  are  formed. 
8iucc,  at  the  fixed  end,  there  la  nocesfiarity  u  nude,  and  at  the 
firec  L'nd  an  antinode,  and  aiticc  two  adjacent  nudes,  or  uut iitodeo, 
are  always  at  half  a  vave  length  apart,  the  rliythtu  «f  the 
motion  must  be  so  regulated  that  the  nuve-length,  and  accnrd- 
iugly  rIko  the  numl>er  uf  vibratiijus,  bear  u  delluitti  ratio  tn  the 
length  of  the  tul>e.     The  ex|»criment  i.i  more  easily  |>erformed 
by  producing  cinriilar  vibrations  with  the  hand,  which  may  be 
regarded  a^  eumptised  of  two  rectilinear  vibratiouM  [xirpendi- 
cular  to  etu'h  other.     All  points  of  the  tube  will  then  describe 
cireleii,  whose  planeii  are  perpendicular  to  the  length  of  the 
tube  (transverse  angular  vibratiims).      Stationary  waves  may 
be  ver}'  bcaulifully  illustrate*!  by  a  linen  thread  attached  to 
the  prong  of  a  tuning-furk,  or  to  the  vibrating  spring  of  a 
magnetic  haiumer   (t24@).      The    more    the  tension    of   the 
string,  and  accordingly  also  the  velocity  of  propagation  are 
diminisheil,  the  greater  will  bo  found  to  be  the  number  'if 
iKKles  and  antiuodos  (Meldi,  185!)). 

Stationary  waves  may  be  exemplitied  by  Mach'^a  wave 
machine  by  bringing  the  balls  into  tbeir  position  of  greatest 
ileiwrture  by  means  of  a  properly  beat  wire,  and  then  re- 
leasing them  Kinmltaneously  by  turning  the  wire  quickly  to 
one  side.  If,  then,  the  planes  of  vibration  be  rotated  by 
',  the  transverm  are  transformed  into  htufitndxnal  stationary 
IKS.  It  U  then  seen  that  at  the  nodes,  where  the  adjacL-ut 
particles   on    both    sides   suing    simultaneoitsly   toward    the 
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«tiitioiiar)-  partiL'le  anil  tbpii  from  it,  ftlternato  eonHentaUoitM 
aiid  rarefadioM  ticcur,  while  at  the  aDtinodes,  where  the 
greatest  motiou  oceuTV.  condciisntiini  and  mrefnrtion  ne^'er 
take  place.  8U1ioaary  tougitiidiiial  hmvl's  may  aim  )«  pro- 
duced by  means  of  tbe  eplrally  wotrnd  wire  nieDtion«tl  abore 
(vido  "284).  This  is  done  by  fastening  ono  end  of  the  spiral 
ami  pxerlinp;  a  pull  at  tbe  othi^r  in  the  dire4'ti»n  of  tbo  length. 
The  ooil«  of  the  wire,  now  left  to  theni»elve«.  ribmte  vigoronslr 
to  and  fro.  while  at  the  node  on  the  Hxcd  end  the  coils  are 
alternately  crowded  together  and  dranu  ajiart.  If  the  free 
vofh  of  B  spiral  irtre  are  dr««-n  apart,  a  node  ia  formed  at  the 
middle.  The  motion  of  the  panicles  in  a  stationary'  longi- 
tiidiual  wave  may  W  illugtrated  als"*  by  means  of  the  drawing 
(Fig.  261),  by  cam'ing  it  along  beneath  a  slit  parallel  to  the 
lim-  <►  -  12,  from  right  to  left.  Hnch  a  drawing  may  also  be 
jihu^Ml  iiiKin  a  cylinder,  90  that  the  points  0  ~-  12  lie  upon  the 
surfaoc  in  the  direction  of  its  length.  If  the  cylinder  is  ttinied 
behind  a  slit  placed  parallel  to  its  axis,  the  (loint.'i  iteen  through 
X\w  slit  imitate  the  citrrea  of  motion  of  the  jiarticle  of  a 
stationary  ware,  with  nfwlea  at  i).  G.  and  12,  and  with  antinodes 
at  n  and  0. 

Tlie  illNiIacemcnt  prmliiced  \>y  a  (Inuitveife,  or  loiiptii<liiial)  nmre  at  Ibc 
distftiicc  jr  irom  tbt  origin,  ia 

Ai  tlie  wrae  noiut  {x)  a  wara  coDiizig  £rom  a  distuioc  "il,  to  mMrt  tbe  fonuer 
and  hariiif  th«  uido  amplitude  4u<]  Irii^li  as  thu  fonacr,  canaM  the 
itviaiion.  OT  dongaii<iK : 

Tlitt  iIbi»!iM:«ui.-ul  ^ducod  by  llio  intoifcrvQCO  of  the  two  niolioos  at  tli« 
point  X  ia  acoonliDgly 


V  =  s,  4-  y,  =  S«  cos  y*  — —  (ill 


Kl-x> 


r- 


to  thb  equation  of  a  Btationaiy  «-ave,  2a  ti»  !j*- — -  represents  tfie  iuit[>l!- 

tli4twli><^eliangee|)eric<djcaUyfr(impl«cclupbcv.aniiMniT[(T.—  --J  rcprrECDt^ 
the  pluec  of  vibration  comRMm  lo  nil  pobtv. 
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B.  SOUND  (ACUUSTK's). 

287.  Soood  bt  tho  i^Rnsation  modiatoil  rrom  without  by  the 
hearing.  AVhencver  tho  sensation  of  goiind  is  produftDcI,  the 
body  whence  tho  sound  pnicnecU  may  l>e  rerulily  identifie'l, 
and  we  easily  minvini*e  i>iirselve»  l>y  nieuiH  of  the  wnse  of 
sight,  or  of  tniicli,  that  this  UkIj-,  called  the  "source  of  souucl." 
is  in  a  state  of  trorntiliQc;,  tir  Tibra^)ry,  motion. 

If  an  alarm  clnck,  which  consists  of  a  littlo  hammer  striking 
Bgftiast  a  metnltia  bell,  is  brought  nnder  the  receiver  of  an 
air*piimp,  the  Htrukes  uf  the  belt  i^oase  to  be  diRtinrrtly  audible 
when  the  receiver  is  exhaiistoi!  of  air  as  far  as  possible.  But 
when  the  air  is  allowed  lo  enter  the  receiver  gradually,  the 
strokes  gradually  become  more  eoaily  ]>erceptible  and  are  soon 
beard  as  distinctly  m  at  the  l)eginnin^.  Sonnd  ia  not  propa- 
gated  im  a  vacuum.  Tht-  reiwjrt  of  the  most  violent  explosion 
cannot  pass  beyond  the  limits  of  imr  atmosphere,  and  sounda 
originating  outside  of  the  atmosphere  are  also  wholly  beyond 
the  reach  of  our  perception.  In  rarefied  air,  e,g,  upon  high 
mountains,  the  intensity  of  sound  is  much  feebler  than  in  air 
of  ordinary  density. 

Sound  is  ]>ro[jagated,  not  only  in  air  and  in  other  gaseii, 
bnt  also  in  liquids  and  solids  as  well.  A  diver  bears  what  is 
sprtken  on  the  shore,  and  the  lipht&st  tajis  against  the  end  of 
a  louj^  iKraiii  are  dintinrtly  {wn'uptible  to  an  i-nr  at  the  other 
end.  The  t«y  telephone  (lover's  telegraph)  in  made  of  two 
hollow  cylinders,  with  membranes  stictched  tense  over  one  end 
of  ewh,  the  centres  of  the  membranes  being  connected  by 
means  of  a  long  taut  string.  Words  spoken  against  one  of 
the  mombmiies  are  distinctly  heard  at  the  other. 

S88.  Mode  of  Propagation. — Tliat  no  material  particles  of 
the  sound -producing  body  itself,  nor  of  the  unrrounding  air  are 
transmitted  to  the  ear  is  erident  from  the  fact  that  the  strokes 
of  an  alnrm  clock,  when  plat-ed  nnder  thi?  receiver,  though 
lightly  deadened,  aru  still  distinctly  perceptible.  Glass  is 
lovn  to  bo  impenetrable  to  either  air  or  other  material.  The 
idea  is  much  more  plausible  that  the  nound-proiiucing  body 
tratismitfi  vibrations  through  the  atmo»plieric  particles  within 
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the  rec-eirer ;  these  then  impart  their  motinns  to  the  particles  of 
;;la.>u,  which  latter  pass  theta  od  to  the  molecules  of  the  oulaide 
ait.  A  row  of  eqnal.  elastic  Wits  I  ]H;reii?sion  niaclitne,  55) 
lamishofi  a  picture  of  this  wode  of  propugation.  If  the  first 
ball  i^  EllMn'«d  to  strike  a^inst  the  second  it  gives  up  its 
velocity  to  the  I'ull  it  strikes  and  comes  to  rest.  The  Beoonil 
WU  trao^niits  likewi^  itK  motioo  tu  the  third,  ajid  no  on  to 
the  last.  A  progressive  longitudinal  tniv«  |)a8ses  loeaawhile 
iiloDg  the  entire  row  of  bailla.  If  the  balls  are  not  all  equal 
— if,  for  example,  a  row  of  la^^r  balls,  all  equal  to  eadi 
other,  follovra  o  row  of  smaller  oneu,  also  equal  to  each  other, 
the  ball  at  the  limit  of  the  two  rows  does  not  come  to  rest,  and 
a  jwrtion  of  the  wave  returns  toward  the  place  »heiioe  it 
sturleil,  or  it  is  reJhcteA;  while  another  portitm  jntMea  on  iuto 
tho  other  row.  If  the  impinging  ball  is  tho  larg:er,  it  maintains 
the  (lirec^tion  of  its  motion  and  imports  to  the  smaller  ball 
a  higher  vehHnty  than  iU  own ;  if,  on  the  omtrary,  it  b  the 
Niniillt-r,  it  rever»es  its  muticni,  while  the  larger  moves  forward 
witli  reduced  velocitv. 

* 

8iuiilarly,  the  vibrations  of  the  boll  iu  tho  experiment 
with  the  alarm  clock  are  propagated  through  a  series  of 
Htniospberic  particles  a-t  longitudinal  wares,  to  the  glass  wall, 
whero,  on  passing  to  iho  iHrgur  molet^ules  of  the  glass,  the 
vil»«tious  suffer  partial  redaction.  The  waves  in  the  glass 
on  passing  outward  iuto  the  air,  are  again  partially  reflected  and 
the  sound  hefird  fmni  withmit  is  thua  coligiil<'ralily  deadened. 

389.  Enfeebl«ment  of  Sound  due  to  Iraninussion. — Hodiid 
waves  radiate  spherically  from  a  vibrating  point  in  air  of 
homogeneous  const!  tut  inn,  tV.  in  the  form  of  spherical  enve- 
lopes, which  are  nltemately  in  a  condition  of  condensation  and 
rartjfaciiiiu.  .\ny  radius  of  such  a  sphericiU  wave  is  called 
a  tound  ray,  and  the  \ibratioDs  of  tho  atmospheric  particles 
tflko  place  in  the  direetion  of  tlie  ray. 

Siu(»  the  surfaces  of  these  spherical  shells,  and,  accordingly, 
also  the  masses  c<mtained  within  such  shells  of  eqnul  tbielE- 
nes«.  increase  as  the  square  of  their  radii,  the  oncj^y  of 
motion  of  the  source  being  continually  dissemiuuted  through- 
out a  greater  atmospheric  moss,  tlie  inteafiity  of  the  sound  per 


WAVES  AX1>  SOVND. 


tf» 


8urfai!e-)mit  miMt  roiititiually  tliininiiih  wUb  iuereosmg  distance 
aud  in  tbe  prei^'ise  ratio  uf  tbe  iuvente  Hquiu-u  of  tho  «liiitaii<« 
from  the  source.  Or,  in  otlior  words,  at  twice,  three  times,  four 
tiineti,  .  .  . ,  tlie  distance  Iroui  the  source,  the  iuteusity  with 
which  the  sound  aJTecte  the  ear  is  only  \,  J,  Af . .  ■  i  of  that 
perceived  at  the  distance  1.  If  the  free  propaj^alion  of  sound 
rays  in  all  diroctiona  is  in  any  way  oltstiuctod,  by  csonopelling 
the  vaTes.  for  instance,  to  enter  a  tube  of  uniform  bore,  this 
loss  of  intensity  does  not  occur.  Upon  this  principle  depends 
the  utility  n^ covimuTvicaiiwf  tubes  (speaking  tutea  and  ir»mj>eis) 
in  public  hvmsos,  njKin  »teaml>uat8,  etc. 

890.  Velocity  of  Propfty*ti«i-— To  obtain  the  velocity  of 
propagation  of  sound  in  air,  cannons  were  fired  at  night  and 
at  prearranged  instants,  from  tuo  stalions,  the  distance  between* 
which  wfi«  ai'cnrately  mcatfurfrd ;  while  at  ctu'h  Htetiun,  the  time 
whii-ih  elupst-d  Wtwcon  the  llikih  of  li^lit  and  the  re^Htrt  was 
obatTved  (Comuiitloe  of  the  Parisian  Academy  under  A.  tod 
Humboldt  and  Arago,  1822).  When  the  measnred  distance 
wtis  dindod  by  ouo>half  the  time  reipiired  by  the  sound  to 
traverse  it  in  both  directions,  the  dlHtance  traversed  per  second 
waa  obtained  intU-{>cniIuntly  id'  the  direction  of  the  wind.  The 
velocity  of  mnnid  wa^s  thus  found  to  bo  e<|ual  to  04U  m.  jier 
I  MOond  at  IG'  C.  It  increased  nith  the  temperature,  but  is  inde- 
pendent of  the  preHSUn--.  l.iipiids  and  »oHdii  are  traversed  by 
sound  u'ith  uneipial  vchiuities  :  in  water,  for  example,  it  moveo 
at  the  iBte  of  14^5  m.  |«r  second  (CoUadon  and  Sturm,  1827). 


ir  V  dunoUni  tliv  mlucity  of  nropagatjoti  of  a  lonxltiulitiAl  wstd  id  any 
mailiiirtg  wlintv^vor,  a  vitiriitluti  ol  T  seuondit'  duration  jtru^lun*  a  vara  of 
length  A  ?  VT.  ir  ill  iinotlier  niedtura.  vtlioie  velodtjr  of  ]irup<^n-tini)  i*  V', 
a  wave  of  the  vamo  )t-ii(;lh  ^  U  jiroduced  by  a  vibrotioB  uf  T'  aeooudi'  duntioii, 
we  liavo  oIho  \  -  V'T.    ConsenueDtly, 

VT  =  vx,  or  V :  V : :  T' :  T : :  j, :  ,J, . 

Iinogiiie  aovt  ttia  diMUiicv,  x,  ti>  be  cnt  up  by  aectJonfl  pvqwndieubr  to  tbe 
direction  of  pH^ngatlon,  into  a  aumber  of  e^ufll.  thin  Beginviiot.  Tlw  miises 
of  tbMe  segnwnta  will  be  ■■  dw  deiuitiM  of  lh«  media,  and  Die  forccit,  iimler 
wboM  JnfluMce  the  atigniiGots  vibrate  in  the  din>c-tion  of  the  leiigtli,  art  aa  the 

fliutidtiaa c and  t'.    iu  tho  expresaion  T  =  Sviv/  — >  which  gins  the  itiut 
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(rf  Tibration  (53),  tb«  mast,  m,  may  bo  nmnmcd  prnponioDal  to  lU«  deiwity,  d. 
■nd  tha  force,  p.  to  the  elasticity,  t.    Wo  hove,  dicrcfore, 


coniwqncntlr, 


.:T.,V^:V?,„':;.V^:^, 


^^^■-v'JVJ 


i.t.  Uio  mlocitie«  of  propagation  are  direclly  ns  tlic  w]uare  roots  of  ilie  elsMic 
forcH  ami  inronwly  u  U>9  sqoare  roatA  of  tlio  deiisitiee  of  (li«  retfpoctiv* 
modfo.     B/  properly  choociiig  uiir  unils.  vr?  nmy  writ(>,  uitli  Ncn-ton  (HUfi'), 


V^ 


Tlie  elastic  Force  of  gases  is  merely  tlieir  i!X|>aii»tve  force,  or  their 
intenul  prvsniire,  and,  instead  of  e,  Ihu  prssaiire  por  eiipetfidfl]  iniitClei|. 
cm.)  muat  bo  mtliMtitiitCiI,  nml  instcnij  uf  4,  tlia  tnais  of  the  rolnniotric  niiii 
(I  cetn.).  I  (•-rm.  of  uir  at  IP  arnt  7"i  cm.  preesiira  weighs  -Jj  tf.  If, 
'  nirthermoro,  t^  dencle  tha  «pi>(-ilic  pnvtty  of  the  gu  at  0°  and  76  cai. 
pr«HBuro,  thft  ipeoitic  gravity  «,  sE  a  pnMtHiiro  b  nnd  at  *  Intnporature  9*  ki 
f^T«ii  by 

a  -      -  H       . 
7fi(l  +  Bfl) 

vhcre  a  =  j^j  siptitleB  the  coefKcicnt  <.f  i>x|)anNioi]  of  gu«iL.  The  weigiit  of 
Uii:  vc]iuii«tno  luiit  (1  ccui.)  is  accordingly  a^  ^..  »r 

77»  X  7(1(1  +  »9-\ 

tha  density,  or  the  wiatM  of  th«  volumetric  imit  (in  liio  Icrrvttiul 

wjiuiai  at  unfto)  la  found  liy  ilividing  llie  latter  cxpro«ion  V  9  =  ^^^  (cnt.- 
SOC."*):— 

d_        K 

981  X  773  X  76(1  +  ^) 

On  the  othpt  hninl,  with  n  Iiaromotric  hftlght,  6,  the  pri^Miiro  linon  I  mj.  cm. 
amoii»t«  lo  6  x  13-695  g.,  wlino  tliii  lattnr  numlwr  i«  tho  apaciflc  JT«\lty  of 
mercury  referred  to  wai«r.  Wo  hare  then  «  =  i  x  I8'6»6.  If  this  XTiliie  bu 
nilMtituted  in  Newton'e  fonnala,  we  obtain  for  tlio  velocity  of  iiropagatioii 
in  g»e« — 


I 


V- 


595  X  9H1  X   1 7:1  X  TtK'  +  **J 


This  velocity  of  propagatioD  n  independent  of  tli*  p«Mire,  since,  wiiU 
constant  loniperatnre,  unmire  and  density  changB  proportionally  accwidiag 
to  MnHottc'a  Vnr,  aTid  tnoroforo  h  disappears. 

From  th-o  preceding  tormula,  tlte  velocity  of  MHind  in  air  at  0°  (f  =  0, 
lb  =  1}  ia  fotiad  to  bo  ',;71l-91  m,,  which  is  confidcmlly  omaller  i)ian  Hus 
woe  obtained  experitncnUlly.  Aa  Laplncu  alivw^d  laU-TflHU;),  Newton'a 
foimnla  does  u«t  cuusiikr  the  ciioumrtouce  that  La  the  concleti«od  jtortioit  of 
the  wave  the  icri>|KTr«tura  is  incrcooed  and  in  the  rorefied  portion  docruased. 
SiDe«,in  c«n»c(]iit-ni;e  of  Uio  aimtll  eoodncting  and  radiating  power  of  air,  thia 
£fleraDce  of  tcmp^ralure  cannot  be  luuformly  dislributca  within  Ilie  abort 
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-'VnnoOD  of  av!liraiioii,Ilieiliiri>rL>ni'ei  ofim-iisiire, And  li«uca  tiio  dutic  farcei>, 

are  increoBed  iu  the  ratio  4  =  (''41  of  the  Rficciftc  henU  e  taiA  e'  of  air  under 

coiwUnt  pressure  «iid  vulnme  rwiicctivcly.    To  make  tlio  fonnula  cotDi>1cl«, 

therefore,  the  cspre«*ioit  iin<kT  ilio  nvitiial  HJgn  must  be  multiplkii  l>y  -j,  ami 

we  thou  obtain  for  dry  nir  (oXf>rc«*<t  in  ni)  V  =  332*-t*'l  +  B*.  wJiicK  in  in 
doee  accord  vilh  exncmncc.  TW  vt^Wiiics  of  propaf^otion  in  other  ffuua 
are  in  th»  invert  ntdo  of  tJiu  Hqimre  roota  of  their  specific  Rnvltiea. 

Witli  Boli<la,einUBtb«  rcpUcdl  by  the  tno<1uliis  of  «lastidty,E  (52);  with 
liqiiirlii,  t  must  be  derivG'l  frun  llieir  coiripreceibility. 

881.  Heflection  of  Sonnd. — .Suuud  rays  are  reflected  and 
refracted  (the  latter  mi  |)ajwiiig  into  layers  of  air  of  different 
liensities,  or  frum  iiir  into  other  bodies)  according  to  laws 
aualugeaa  to  those  for  light  tays.  Hound  raya  are  reReoted  from 
a  plane  surface  as  though  they  catne  from  a  point  lying  in  a 
porpomliciilur  friHii  the  smirce  of  sound  upon  the  surface  and 
situated  as  far  l>ehiiid  the  Kurfaoe  as  the  source  is  in  front  of  it. 
Tiie  cxjilanation  of  the  ecAo  cornea  from  this  fact.  When  a 
loud  cry  is  uttered  at  some  distance  from  a  wall,  a  cliff,  the 
edge  of  a  wood,  etc.,  aftei-  a  lajise  of  time  sufficient  for  the 
sound  to  pass  to  the  n'all  and  bai'lc  again,  the  cry  is  again  heaid 
trotn  the  direction  of  the  wall.  The  wall  reflects  the  sound 
precisely  as  a  mirror  reflectB  light,  so  that  the  reflected  cry  is 
ht«rd  precisely  as  though  a  second  penwin,  pkying  the  part  of 
the  imago  of  the  crier,  nero  situated  jui^t  as  far  behind  the 
rellecting  surface  od  the  lattcir  is  hefnre  it,  and  ^vcre  sending 
hack  precisely  the  tone  which  reached  him.  To  speak  a 
syllable  requires  at  least  one-tifth  of  a  second.  Tf,  then,  the 
experimenter  stand  so  far  from  the  nail  that  sound-waves 
4-nnsume  one-tifth  of  a  seron*)  in  pussiug  to  it  and  bux^k  again, 
the  reilected  sound  will  return  exactly  at  the  instant  of  mm- 
plotiug  the  syllable.  Since,  in  one  se^'ond.  sound  travcrfios 
340  ni.,  the  experimenter  mvist  be  at  least  34  m.  from  the  wall 
to  perceive  a  monosyllabic  echou  If  he  be  2,  3,  4, . . .  times  as 
far  from  the  reflecting  snrfacf,  he  may  speak  2.  3,  4,  .  .  . 
syllables  before  the  first  returns,  and  may  accordingly  hear  an 
echo  of  2,  3,  4. . . .  syllablett.  If  the  surface  is  less  than  'M  ra. 
distant,  the  reflected  sound  returns  before  the  utterance  of  the 
syllable  is  complete,  and  blends  in  {lart  with  it     In  rhtirches 


4e  ExrtsntEirTAL  fotsic^. 

•ad  laree  MEb  tioi  ec^y  b  oAea  anpie^aBtir  iK-«KeBl4F- 
Wbcu  Ukex«  ue  snoml  tedarUBf  $ar^?es  at  disocot  ^eSsMfes. 
semml  ok^epakient  ec&ics  are  pr>iGee*i  ssshuseo^ilT. 
Becweei  xbe  rfife  ctf'  tiie  Lsrla.  (jt  cxaE^^!#.  a  {iet>}4  ^a^x  i^ 
II  |MaliiT  IT  t>>  d>  tines  wiiit  tmzjzz^z  i=iiS2$i=y  rese^biiaz  a 
roll  of  diGoder. 

If  rvo  «i:«ieavv  wm]^  aze  pfaaai  £»!is^  ak^  •.'4»Er  asi  a 
walA  K  at  Ac  fiyetss  of  •?«? .  vifeQ  tbe  ear  ■:•(  ue  otnimtn  i? 
al  the  f  :«ns*  -x  tiie  ocoer.  er^a  a:  a  ^:cs£-i^a^«e  ■i^5ta&»'  &:'a. 
tbe  izsl  Minor.  lae  tKCfas  «€  t^e  vaie^  ^  'li^xizKctT  kspL 
Tfe  sK»i-wave$  ptofceiiiag  fr<:«i  tAe  xe<x  ejjzp:*^.  &:«  Kdc*fC»i 
bf^  ia  *sDbee  in  paralM  •ic«>rsi:<a<  and.  sLrCtjas  xptn  sW 
iiiiiaue  lOf  tfa^'  jeecaL  taer  aiv  t'<<:'<s£S.t  brtSKStsr  as  rc^  feoiK. 
If  tike  |iaa>Oei  ibts  redeeced  £p:o.  toe  xz«:  =i3<  r  ikll  iEp>:«.  a 
TJmn  ptafee.  ifaer  aze  labeieii  W  like  tanec  a:  et^i&l  aaczk^  ^bi. 
br  iw)fKciy  Sizsisz  ta«  plas?.  t&er  eat  r_«  len  is.  aav  <i«sEzoi 
dmctKS. 

TW  if^ftkcii;  n.i:«  acri  lae  ear  srncrcc  ac?  rue!  t^.o.  iaii» 
prisisffe  uf  ibe  reSetr^ra  -^  SJcarL  Tli^  KfoHnj  n~sub«*f  s  a 
frnafi  -ftiagiif  as.  t«f'«f-  -^r  e^ssa-f'0«*  t=c«^  ^r:>r3-0i  visa 
a  iKijcmfb^!^.  by  scast^  <£  «^^  trie  9;fz^-Ls  '.i  v-:r^  ^cken. 
rn,3.>  3  are  j'CeTHiifii  frnt  JvCRni'Tj  *ii£  *r»  tb=t»^-y  rem^Rti 
aniuie  ac  a  iicic  lifcaat-t-  Xi*  rxj-*  oc  i*;*;^.;  25Ba±tr  rrjOL 
tie  Bii-ciifa&s  »s^  *:■  r'afertcfi  tj  ^ir^  »»ll3.  c  :ig  nte  a<  t: 
^»Te  Ui^se  »»Iii*  i2  *I:z>:tfS  ;ae   iir¥»!Cii:fL  "  '■sri   ■*ii:i   tie 

*3ii  Tita  5rZf:a=iit  p:'"'=r  i:-  tafc!^  ^e  ijecas.:  atr.  t-T  2iiaut> 
;c  a  fpaakixT  ^t*r  vc  I"-T  t.>  IT*/  2!_  ii  .~?i,rt£i  *zii  1'  ;-.  i;-*  ;-n. 
■;foiiz:r-  ua^  *?  a;^  "Lieii  :n.  iiii:&.  .ciz  ;vl  ;« "Ciiteric. « li  az 
a   i2*c*z>ar   :c  !-;•.''.'  t.;-  L^*.*-  zi.     T^  -fBr  rr%.nitit  int  ;,:  «.\:™- 

IB    rLZ.3ti    aSll   rSl'i'i«I3>C  "iiHIt  3^.:   I^»r  ifcTT:'*    tut  "i-r  •;.  ;j^ 

air  :<fca«tr^.   iitfrrcy  as^fbC^z^  ta#r  :*raiZIj    iek;  :■:■   *   iij  p» 
A  %'(i3ti  pc:ii3»:e*i  at  tJ»T    :iHi.tw-    ;c   &  i  lj."*    icfla*    j? 
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emerpng  from  one  focus  of  an  ellipse  6ie  »athcred  together  by 
reflection  into  the  other.  In  a  room  whose  walls  are  curved 
elliptically,  words  s|)(ikoD  softly  at  one  focas  are  distinctly 
perceptible  at  the  other,  while  elsewhere  in  the  room  the 
words  are  wholly  inaudible.  JJuihlings  constructed  thus  either 
puqxjeely,  <ir  accidentally,  enable  words  airoken  in  a  low  tone 
at  one  point  on  the  Intorior  to  bo  hoiiird  at  another  ]>oint,  an<l 
UK  eailnd  whimpering  galleries.  Halls  constructed  for  |Mirlia- 
mcntary  ami  concert  purposes  must  be  acoustic,  that  is,  they 
miLst  1»«'  so  constructed  that  the  waves  of  sound  proceeiling  from 
the  stage,  lit  ori'hefltra,  am  reflected  tiiwanl  the  auiiitoriuni 
without  the  dijiturtin^  inlluenco  of  intcrniediate  retlccting 
surfaces. 

Sound  wavfts  BIB  not  onlv  reflnctivl  fnim  a  solid  wall,  Init 
wherever  they  pwis  intn  a  medium  of  dtlVeient  cMinstittitiou,  «.>7. 
from  a  deiuur  into  a  rarer  atmosphere,  or  conversely,  reflection 
al^  takes  pliteo.  Soimd  is  heanl  much  farther  by  nisrht  than 
by  day,  because,  in  the  latter  case,  tt  is  weakened  by  numerons 
rellcctiona  whicth  it  nuflers  at  the  uuequally  heated  and  con- 
scqnenlly  unequally  d^nse  ascending  and  deiweiiding  ciirrenls 
of  air.  while  it  ]>asH«ii  mihiiiderud  ihroufrli  lh«  uniformly  heattxl 
layers  of  the  uight  air.  Tyndall  observed  that  the  fog  signals 
wlii<:b  are  ^iren  by  steam  whistles,  and  by  larp:e  sirens  alon;,' 
the  ceaHtfl,  aa  a  warning  to  seafarers,  are  hoard  much  farther 
during  cloudy  than  during  clear  weather,  and  this  is  true 
liecaitKe  on  a  clear  day  the  air  is  unequally  heated  by  the  rays 
uf  the  8U11  and  is  thereby  rendorcil  Itsw  transparent  to  sound, 
(ir  it  is,  so  to  speak,  disturbed  by  an  "acoustic  clrmd." 

S92.  Boaoda  of  Vuiooa  Kindi— SireiLi.~Sound  .sensations  are 
4|uite  varied  in  kind,  and  our  Bpeech  is  cirreBpoHdingly  rich  in 
symbols  to  express  their  iieeuliar  nature.  By  means  nf  a  single 
riolent  concussion,  a  crack  is  productMl :  by  an  irregular 
siicoessiun  of  ribrationa  noises  are  imxinced  (rushing,  roaring, 
nwtliug.  rattling,  rippling,  crackling,  clattering,  cninehiug, 
otiT. ),  A  musical  sound,  or  a  tuue,  on  the  contrary,  is  produced 
by  the  rtffulartif  repeated  {periodic)  or  **  vibratory  "  motion  of  a 
wmorouB  bo«ly.  A.  miisicid  sound  may  be  produced  by  means 
of  a  card  held  against  the  peripberi-  of  a  umfonuly  rotating 


twythed  wh&ol  (?i*TMt},  or  by  meftrw  of  puffa  of  ftir  repeated 
regularly  mni  in  n  similar  way.  The  latter  method  is  illas- 
tiMted  in  the  siren,  the  simplest  form  of  which,  M  given  by 
Seubcck  <1K4;J),  consists  of  «  round  dislc  nf  jwper,  or  metal, 
pcrlorated  with  ecvenil  rirciilar  ntws  of  e(]ua.lly  distant  holes. 
WIicu  a  puET  ef  air  is  driven  through  u  glass  tube  toward  the 
iiinerrnast  row  of  holes,  the  disk  being  rotated  rapidly  and 
itniformly  by  nieauH  of  a  r-entrifuga]  muuhine,  a  [mssage  is 
itjiened  to  the  current  ol'  air  ant-aping  from  the  mbe,  whenever 
a  hule  jmsaes  above  its  inuuth,  and  closed  agaiu  a.s  sotju  as  an 
uiiperl'orated  portion  of  the  iliak  takes  il«  placo.  Tlie  puflw  uf 
air  following  in  regular  aucceiision,  {>rodueo  in  the  ear  the 
sensation  of  a  tone  of  definite  piteh.  If,  with  the  sutnc  velocitT 
uf  rotation,  on<^  uf  the  outer  mwn  uf  boleH  be  blown  against,  a 
greater  number  of  holes  passes  the 
mouth  of  the  tube  in  tbe  some  time, 
and,  therefore,  also  a  greater  number 

&^lf^-4^  *0i  IP^  '''^  inijiuUes  result.  A  musical  sound. 
*  irX-.^V.^i'^  i)r  tone,  ia  again  lieard,  which  differs 
from  the  former  in  Iteing  of  a  higher 
pitt^h.  It  ui  furthermore  noticed  that 
the  tone  is  pitched  higher,  the  greater 
the  number  of  perimls  of  nbratiou 
occurring  in  a  given  time,  or  tbe  greater 
tbe  muuber  of  vibrations  jver  Keeond. 
Cagnard-I^tour  has  coostructod  a  more 
higbly  perfected  siren  in  which  the  dise 
is  n>tAted  by  the  atmospheric  current 
itself.  Fig.  2K2  roprusunta  this  appa- 
ratus in  tbe  still  more  highly  jiorfoc^ed 
fomi  given  to  it  by  D*JTe.  A  horizontal 
metallie  disk,  ila,  perforated  by  four 
rovs  of  holes,  rotates  readily  alHuit  a  verti(ail  axis.  The  ilisk  in 
situateil  above  a  cyliudricul  chamber,  C,  whose  cover  ia  jKsr- 
fomtod  by  a  cerreajionding  system  of  boles.  Tbe  bolea  of  both 
cover  aud  <lisk  are  bored  obliquely  and  with  opposite  inelina- 
tions,  so  that  tbe  current,  issuing  obliquely  from  a  hole  of  the 
cover,  strikes  almost  at  right  angles  against  the  sides  of  tb« 
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[of  the  flUk,  thereby  setting  the  clLik  in  rutatioii.  Beoeatb 
each  tow  of  holes  ia  plsced  a  luovahle  meUilIic  ring  witU  the 
same  number  of  holes  disposed  iu  a.  siinilar  nay.  These  rings 
may  be  [ila4^^ed  liy  means  of  the  jiegs,  ni.  n,  o,  p,  so  that  aay  one, 
or  more,  of  them  closes  the  correspoDdinp;  row  of  holes  of  the 
chamber  ouver,  or  tUey  may  be  sv  placed  that  the  holes  of  a 
ring  fit  exaotly  upuu  the  hules  of  the  oonreapondiuf;  row  of  the 
cover.  By  pressing  on  one,  or  more,  of  the  pegs,  any  niiniboT 
of  rows  may  be  blown  upon  at  the  same  time.  The  chamber  is 
placed  Upon  the  mouth  of  a  pipe  leading  to  an  urfcao  bellows, 
by  menng  of  the  tube,  t.  The  axis  of  the  disk  carries  at  its 
tipfier  end  an  endless  screw,  «,  whii'h  engages  in  a  toothed 
pinion,  wbiise  motinn  permits  the  number  of  revoliitionB  in  a 
given  time  to  Ik>  read  fcimi  a  dial  plate  (not  shown  in  the  figure), 
froiu  which  the  uutubur  of  vibrations  per  second  may  he 
determined,  liy  pres-ting  the  Unob,  a,  the  toothed  wheel 
merlianiium  may  lie  i-finnepteil  and  ?8t  in  motion,  and  by  pressing 
upon  h  it  may  again  I>e  thrown  out. 

293.  The  Scale  lOamntJ.—The  first  row  in  the  siren  eon- 
taiu8  8,  the  sei-ond  10,  the  third  1:^,  and  the  fourth  Iti  holes. 
If  the  first  and  then  the  fourth  mw  of  holes  be  blown  npon. 
two  sounds  are  heard,  whieh  in  music  are  distinguished  as 
the  fundamental  tone,  or  root,  and  its  octave  rospoftirely.  The 
octave  vibrates,  therefore,  twice  as  rapidly  ai*  the  fundamental 
tone.  When  both  tones  are  Miunded  simultaneously,  they 
blend  together  perfectly  into  a  single  composite  tone,  pro- 
ducing a  pleading  sensation.  They  form  what  is  termed  a 
coNtonatiee.  A  consonance  is  more  nearly  perfect  the  simpler 
the  ratio  of  the  number  of  vibralionst  of  the  tones  sounded 
together.  Next  to  itniwrn  (1:1),  the  ix-tave  and  the  funda- 
mental tones  form  the  mont  perfect  eoiuudiances,  for  their  ratio 
18  the  simplest  cxmreivable,  namely  2  :  1.  The  next  perfect 
consonane'o  i.s  obtained  by  meam»  of  the  first  and  third  rows  of 
holes.  The  tone  produced  by  the  latter  bears  to  the  funda^ 
ineutal  t»nc  the  ratio  12  :  H,  ur  3  :  2,  and  it)  called  the  Ji/th  of 
ihe  fundamental  t<me.  Tbe  Or:it  and  second  rows  gi%-e  the 
somewhat  harsher  ratio  10 :  8,  or  5:4:.  The  higher  tone  Is 
calletl  the  major  tJtird  of  the  fundamental.    The  fundamental 
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tone  a  deatgiutted  br  the  lener  C.  it3  nutjor  thini.  by  E.  tlie 
dftb.  by  G,  uul  the  ei^th,  or  octave,  bj  C.  Tbe  simitlta- 
necos  i^odnction  of  thiee.  or  incveT  tcoies  in  a^reeaUe  relaKions 
to  each  other  U  called  a  eAonL  The  fimdameatal  bme.  major 
thml,  and  fifth  (CEG)  form  tc^ether  the  C-major  ehorf.  Bt 
aoanding  together  other  paiis  of  rows  of  the  siren,  still  other 
eoDSonancea  aie  fsodoced.  The  fonrth  and  thirl  rows  gire  the 
ratio  16  :  12,  or  4  :  3,  called  the  ratio  of  the /wrtA.  The  fifkh 
of  C  ii  dfiangnated  F.  The  third  and  second  rows  Aimish  the 
ratio  12  :  10,  or  6  : 5.  The  higher  tone  is  here  caDed  the 
minor  third  of  the  lower,  and  is  designated,  with  respect  to  the 
fondamental  C.  br  &.  Becapitnlating  thia  saccession  of 
itonndq,  which  always  maintaiM  its  musical  chancteristics  even 
with  a  raried  velocity  of  rotation  of  the  siren,  ve  obtain, 
if  we  leave  aside  the  minor  third,  the  following  groap,  where 
nnder  the  designation  of  the  sonnd,  its  vibration  ratio  to  the 
fnndamental  tone  is  also  given : — 

C      E      F      G      ^ 

13  4  9 

*  4  :i  Li  - 

To  satisfy  the  re^jairements  of  mnsic  each  soond  most 
again  be  the  fanf^lameatal  of  a  C-major  chord,  i.e.  it  mnst  be 
jKissible  to  ascend  from  each  tone  a^ain  in  thirds  and  fifths. 
Bnt  the  fifth  of  G  mast  make  $  as  many  vibntions  as  G, 
heoce  ?  x  }  =  ^  =  21-  The  tone  thus  foand  is  higher  than 
the  f«ctave  c.  To  remain  within  the  octave,  therefore,  we 
take  the  next  lower  octave  of  the  tone  ^.  whose  nnmber  is  ?. 
The  corresponding  tone  is  designated  by  D  and  is  called 
the  second  of  C.  The  major  third  of  G  has  the  vibration-ratio 
J  X  (  =  V--  It  13  cal!e<l  the  seventh  of  the  fundamental  tone 
and  U  designated  by  H.  The  fifth  of  the  tone  F  has  the 
number  t  x  -j  —  2.  The  octave  of  C  is  therefore  at  the  same 
time  the  fifth  of  F.  The  major  third  of  F  has  the  ratio 
»  X  ;-  =  5,  and  is  designated  by  A  and  called  the  sixth.  We 
thns  obtain  the  dtattmie  (major)  scale,  which,  within  a  single 
octave,  consists  of  the  following  tones :  prime,  or  funda- 
mental, tone  C,  second  D,  major  third  E,  fourth  F,  fifth  G, 
sixth  A,  seventh  H,  and  the  octave  e,  with  the  corresponding 
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Tibration-ratios  placet!   below  the  symbula  in   tlie  f(»l!owiiig 
group : — 

C      D      E     ^      G      A      H      0 

1      «      I      4      a      i     V     2 

If  the  vibrfti ion-ratio  of  each  tif  thase  tones  is  divided  by 
that  of  the  preeediii^.  the  tiit^erval  «f  the  Umen  is  olriained.  i.e. 
the  number  intlicatinf:  how  many  times  greater  iho  vibration- 
ratio  is  than  that  of  the  next  lower.  In  the  fullowing  series 
the  values  of  tbece  interval  are  placed  in  the  secood  line 
itetween  the  ton^-symbols  Btanding  in  the  first; — 

CDEFGAHo 

It  ii  apparent  that  the  iul«rrali(  lu  the  diatonic  scale  are 
very  unequal.  The  intenals  l>elween  third  and  fourth,  and 
betwoon  seventh  and  eighth  (f  ^)  are  considerably  smaller  than 
the  r*tst.  It  id  therefore  said  that  the  intervaln  from  K  to  F, 
and  fruni  H  to  e,  are  half  (ones,  or  aemi'tonet,  while  the  remain- 
ing intervals  are  regarded  as  tehoU  icwx.  Tu  aidvance  l>y 
more  nearly  iinifuriii  intervals,  half  tones  must  ho  inter|H)lated 
between  the  whole  tones,  and  the  entire  series  of  one  octavo, 
consisting  of  twelve  semi-tonea  (ehromatic  scale)  ia  tlieu — 

C  CjJ    I>  1)|    E    F  F*    G  G}    A  B  H  0. 

Since,  however,  the  nhote  tones  do  not  possess  equal 
intervals,  bnt  from  C  to  D,  from  F  to  G,  from  A  to  U,  the 
tnten'al  is  one  whole  major  tone  (g),  from  D  to  E  and  from  O 
to  A  it  is  a  whole  minor  tone  (■'i^),  the  intervals  of  the  chro- 
matic scale  are  also  nneqnal.  which  makes  it  impossible  to 
ascend  from  any  desired  bme  aji  a  fimdamrnlal  abrnys  in  the 
some  way.  If,  for  example,  w<i  a^lvamx  in  puru  thinla,  we 
obtain  on  impure  octave,  and  the  Mme  is  true  on  advancing 
according  to  pure  fifths.  But  Bxace,  the  octave  forms  the  most 
[wrfect  eouflonance,  the  impurity  tif  which  is  disagreeably  nolioe- 
able.  it  is  the  ctistom  ralhur  to  Mtcrlilce  the  purity  of  the 
remaining  tones  by  allowing  them  to  ''flow"  ("Schweben") 
a  little  above, or  below,  the  pitch  reciuired  by  tliediatonie  sc-ale, 
and  to  maintain  rigorously  the  purity  of  the  octave.    .Such  an 
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Ndjiurtment  M  vailed  the  temjperatswni.  The  Doiformly  tlowiog 
etptal  temperament,  which  is  the  simplest  of  all  in  extended 
use,  B.u<l  andcrlii^s  the  couatniotion  of  all  nitisical  instruments 
whii^h  have  a  tixeil  key  (<\?-  thi)  piaiiu),  hex  all  its  iotervuls 
equal.  Siiieo,  in  the  cliromatitr  Sf«le.  twelve  steps  or  ehroEiatic 
semi-toneH  are  present,  the  inleryal  of  a  halftone  (called  semi' 
tone)  mu.it  bo  so  chosen  that  when  n-peated  twelve  times  il 
leads  to  a  pure  octave,  i,':.  to  a  vibration-ratio  doiilde  that  of 
the  fiindamentai  tone,  or  if  x  denote  the  desired  interval,  «" 
must  e(|ual  %  This  interval  m,  thorefure,  expressed  by  the 
number  \/^  =  1'0594G.  Wo  thus  obtain  a  untforuitr  flowing 
scale  vith  the  following  vibration-ratios: — 


^1 

r ... 


iiJ<XMW 
t -05041; 
1-I2.i4i! 
1  1A92I 

1-33461 
1-41421 


G... 

s«. 

B... 

II... 

c  ... 


H983I 
I-M740 
I-G«179 
l-78IftO 
I-«R775 
2-00000 


in  which  each  number  in  obtained  from  that  of  the  prewdii^|^| 
semitone  by  multijdiciilioii  with  the  number  ]-0.^94(j. 

204.  Absolute  Vibrstioa-QDmb«n,  or  FrcquencieB.— Hitherto 
ne  have  considereil  only  the  vibration-ratiofl  of  the  tones  within 
an  octave,  btit  have  said  nMtliing  about  the  abnoltits  vibtvttoti 
nitmhera,  or  frejuetxeii's.  When  the  vibration  nnnilter  is  known 
fnr  one  of  these  toU'es  it  is  known  for  all.  because  the  vibration- 
ratios  are  all  known. 

The  siren  may  W  usefl  to  determine  the  absolute  vibration 
numbers.  Suppose  the  vibration  number  of  a  tnuii^^ork  were 
desired,  for  example.  The  siren  is  rotated  with  siioh  vehwity 
that  one  of  its  rows  of  h<ile«  gives  the  same  tonp  as  the  fork. 
From  the  number  (if  raralutiuns  per  itecond  furuiiifaod  by  the 
toothed  nh(«l  mochauism  alHne  and  th(?  num1»or  of  holes,  the 
number  of  vibi-atious  of  the  tunin^'fork  per  secwnd  is  obtaineil. 

As  a  fuudainental  tone  in  the  tuning  ol  musical  instnimonta 
the  so-calhfd  concert  pilch  in  usually  .selwled.  This  tone  ia 
given  by  nieatu  of  a  normal  timiugfork.  A  pure  a  of  440 
vibrations  constitutes  the  Iwsis  of  the  German  method  of  keying. 
proposed   by  Kcbeihler.    The   Parman   key  introduced   into 
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Ocraun 
Xqr. 

PmuImi 

Ph]«od 

c_. 

1fi-S 

10-2 

16 

C-, 

as 

S3S 

32 

cl. 

«6 

64-7 

U 

c. 

132 

t2!>-3 

128 

c, 

2M 

2M-7 

256 

k 

&2B     . 

M7-8 

bn 

1066 

1034-e 

1024 

France.  hihI  ol^u  used  in  many  orchestras  ontside  of  Prancti, 
takes  for  the  tempered  a  the  vibration  number  43o.  For  pur- 
poses of  oomputation  the  fh>jaical  keif  is  very  conToaient.  This 
takes  the  one-lined  C  ftt  2^C>.  and  the  tempered  a,  eonseiinently, 
at  48U-5  vibratidus.  Fur  the  fimdaiuental  tones  designated  in 
the  fol]oniu}r  table.  lhi<  app<^>ii<loil  absolute  vibration  ntimWrs, 
calleil  also /rcqueticici,  are  thus  derived: — 

VoMilonnr 

&iiboctavc>C 

ConLm-C 

Greftt'C 

Simll-C 

(}ne-l{ned-C 

Two-tined-C 

Threo-Unwl-O 

The  HulK'ontra-C  of  10  vibrationi!  per  serand  oonntitiitBs  the 
lower  limit  of  [>erceptil>ility  for  tlie  hiimoJi  car.  Thu  upper 
limit  i»  a.s5umcd  at  about  c,  of  1^896  vibratious  per  secnnd. 
The  hunum  ear  ombrares,  theroforo,  ten  oelaYes.  The  tonee 
itg<Ml  iu  music  lie  between  -H)  and  -lOUO  vibrations,  wUioh 
corresponds  to  an  interval  of  about  seven  octavos. 

295.  Wave-lengths.  —  When  the  vibration  number,  or 
frequfiicy,  of  a  tone  is  knonn  its  wave-lengtti  in  air  may  be 
reaiJily  ubtatnuil.  AU  totter,  hi^h  and  lo>c,  are  yropaijtUed  •» 
the  air  with  tho  aama  vdoeUy  of  310  ni,  per  second.  That  thia 
is  true  is  apparent  from  the  fact  that  if  high  tones  moTod 
more  ot  \v»a  rapidly  than  louor  tones,  a  piere  uf  tniiaio 
played  at  a  dislamv  uoubl  Ite  be^nl  ax  a  diKa^rreeuble  confusion 
of  sounds,  because  the  high  and  low  touts*  would  not  reach  the 
car  on  the  same  boat.  Since,  however,  each  completo  vibration 
produces  al5i>  a  iximplotc  wavo  within  the  distance  of  34U  m., 
as  many  waves  must  be  comprise^]  an  there  are  vibrations  per 
second.  The  length  of  a  wave  ia  then  foniid  by  dividing  the 
veloeitif  of  propapatioit  ot  sound  by  the  j'requeney.  For  the 
tone  a,  of  440  vibrations,  for  instance,  the  wave-length  is  fJJ 
=  077li  m.  =  772  imu. 

396.  £ip«s.^A  vibrating  tuningfork,  when  held  in  the  open 
air,  gives  oot  a  faintly  audible  tone.  The  sound  is,  however, 
reiidered  mure  distinct  by  placing  the  tnningfork  before  the 
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mouth  (if  H  tul>e  uf  projier  length,  r^.  over  a  cylindrical  glass 
reiB^*],  uitliiti  nliirli  the  stmfwplicric  nitliimii  may  bo  sborteoed 
by  jKHu-jug  water  into  tlio  vg«sc1  until  tlic  toue  becomes  auffici- 
eutly  titrf>ngiy  rc-cn forced.  For  the  a^fork,  experiment  sbuwa 
that  tu  ])n>iluce  this  effect  tlie  euluinu  of  air  miisl  lio  193  mm. 
loug.  i.f.  ei[ual  tu  the  fourth  part  of  ihe  wave-lenjjtli,  772  mm. 
In  general,  the  Icuglli  of  the  shortest  column  of  air  capable  of 
being  excited  into  sympathetic  vlbrationa  by  a  8*>unding  body, 
equals  oxte-fotirtli  of  the  kngth  of  the  sound  v^vc  emitted  by 
tho  body.  The  entering  wave  of  air  is  reflected  at  the  closed 
end  of  the  tube.  By  means  of  the  comblneil  effect  {interfer- 
ence) of  the  incident  and  cetlected  waves,  the  peculiar  condition 
of  vibration  is  produced  in  tlie  tnl>e,  which  we  have  heretofore 
called  statiunury  lonj;itudinal  waved.  At  the  closed  cud  of  the 
tnlie  the  wave,  in  which  tho  layers  of  air  porpeudieulnr  to  the 
axis  of  the  tube  vibrate  lougitudinaUy,  is  reflected  (cf.  280) 
with  the  oppoBile  phase  of  vibration,  and  hence  the  motion 
of  tlie  incident  wave  ia  destroyed  by  that  «i"  the  reflected  wave. 
Tho  layer  of  air  ilext  to  the  cluaod  end  of  tho  tuhu  remains  at 
rest,  forming  a  node.  tSimilar  nodes  ore  also  fcmiod  at  sections 
of  the  tube,  which  we  at  j,  I,  ?,  Sl»  -  ■  -  o*  a  wave-length  from 
the  bottom  of  the  tnbo.  On  the  other  hand,  at  the  [xiints 
it  f,  hi''  •  ■'  of  *  wave-length  from  the  biitluui  of  the  tube, 
the  incident  and  reflected  waves  meet  ulnnys  in  the  sanio 
phase  of  vitrration.  At  these  ptnce^,  iMillud  atttinodet^n  vigoroiu 
vibration  of  tho  atmospheric  layers  always  occurs.  Tho  layers 
uf  air  at  the  nodes  arc  alternately  condensed  and  rareBed,  by 
roa^iuu  of  tho  neighbiinring  layers  eronding  t4i«iird  them,  or 
withdrawing  from  them,  ^limnltancously.  Thci^t;  ccndenaaHon* 
and  rarefa<iionA  occur  in  aucL  u  way  that  neighbouring  nodes 
are  alwayn  in  opposito  status.  At  tlie  autinodes  condensation 
and  rarelaction  never  -^icciir,  Imt  always  the  most  vigorous 
vibration  of  the  air  takes  place  here.  During  these  vibrations 
the  particIeK  of  air  pass  simullani^oniily  through  their  poKttions 
of  equilibrium  and  uLUiin  at  the  same  time  thoir  greatest 
elongation^  which  i^  greatest  at  the  antinodee,  and  duuinishea 
continally  toward  the  ailjuL-ont  nodes,  where  it  ia  zero.  The  air 
thus  set  in  vibration  id  thereby  converted  into  a  sonorous  body. 
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or  into  a  source  uf  sduikL  Since  the  open  end  uf  the  tube 
coQuuuiiiL-atea  with  tbe  outer  air,  neither  ccimleiiMtion  nor 
rarefaction  con  occur  here.  Au  antiuode  miwt  ncc«*sarily 
exist  at  Ihe  mouth  of  tbe  tube.  When  tbe  air  cout«iiut;<l  in 
the  tube  is  required  to  ribrale  3yi.>aiheticaLly  vritb  a  souorou^ 
body,  ijS.  tu  be  |>ut  into  a  stnte  of  stationary  Tibration,  \\»  length 
must  be  \,  or  f,  or  J,  ete.,  of  the  wave-length  ut"  the  tnne.  I( 
may  aUo  be  readily  n^n  that  the  tume  tuuinftfork  will  set 
three,  or  live,  times  as  loug  a  column  of  air  into  .sympathetic 
vibration,  but  that  it  will  not  produce  tbia  effect  with  a  column 
which  is  two,  or  four  times  as  long.  Consequently,  a  tube  will 
reajwud  to  those  lonoa,  J  of  whose  wave-IeiiRth  i«  wintained 
once,  or  three  times,  or  five  times,  etc.,  iu  ils  leiifflh.  The 
frer^uencies  of  the  tones  must  then  be  as  the  odd  numbers 
l,^,  5, .  .  .  duriuj^  the  response,  the  oolumu 
uf  air  is  ijeparated  by  1,  2,  3,  .  .  .  nodes  into 
tbe  same  number  of  vibrating  sabdivinons. 
This  is  represented  in  Fig.  26S,  where  the 
arrows  indicate  llie  alternating  jibases  of 
vibmlion  at  the  autinodes.  Tbe  lowest  of 
these  tones  is  called  tbe  fundamental  tone 
of  the  lube,  and  the  others  are  tbe  overiones. 

Air  may  also  be  act  iu  stationary  nbcatioQ 
in  a  tube  open  at  both  ends:  for  at  the^te  open  ends  a  sort  of 
reflection  of  the  wave  entering  ut  tbe  other  end  takes  place,  since 
the  external  air  whose  [lartieles  are  freely  movable  in  all  direc* 
ticns.  fti?Li  H-s  a  uicdium  rarer  than  the  enclosed  air.  whose 
mobility  is  restricted  to  the  direotiuu  of  the  length  of  the  tube. 
Since  thia  relioctiim  takes  place  at  a  rarer  medium,  the  ribrations 
of  tbo  im-ident  and  reflected  wave»<  always)  meet  m  the  same 
phases,  thereby  intensifying  each  other.  .Vntinodes  must  then 
form  at  the  open  ends  of  the  tube,  and  tbe  length  uf  the  tube 
is  thert-furo  1.  or  ^,  or  ij,  etc.,  of  the  wave-length  of  the  tone, 
while  the  I'teq  ucuciea  of  tbe  series  of  tones  of  which  it  is  capable 
are  as  tbe  numbers  1,  2.  3,  4,  5, . . .  With  the  tirst  of  tho«e 
tones,  which  is  the  fundamental,  the  column  vibrates  with  a 
node  at  it.1  middle,  and  it^  length  U  then  luilf  tbe  ware-length 
of  this  tone.    For  the  oyertones,  the  column  is  divided  by  2, 


Fl'J.  2U3.— Vibration 
ID  »  Tube  cluauil 
ftt  one  ea&. 
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S,A,..  .  noileR,  as  is  shonn  in  Fig.  '264.  The  fuiidameutal 
tout)  of  au  open  tnbe  is  an  octavo  highor  tltnn  the  fitntlmneutal 
of  au  cqiwIK  long  closed  tube.  To  make  an  open  tube  fumisb 
the  same  fuudamentAJ  as  a  closed  one,  it  most  then  be  mode 
twice  as  long  (Daniel  B^rnonlli,  176*2 J. 

As  R  source  of  stationary  waves,  the  «nimdin^  bwly  may  lie 
dispensed  with,  since  the  same  effect  may  be  produced  by  bl(»w- 
ing.     A  tube  arranged  to  be  used  with  a  blast  of  air  is  called  a 


ll'^ 


li  11  \i 

Pia.  2Qi. — VibntlioD  iu  a  Tobe  open  at  both  onda. 


Pm.  2ft5.— Orpui  Pipe. 


pipe  (month-piiwa).  Fig.  26S  represents  the  cros9-«ectiim  of 
an  open,  wui>deQ  orgftn-pipc.  A  j'uff  of  air  is  forced  through 
th«  aperture  at  the  foot,  into  the  chonibcT,  K,  through  the  slit, 
ed,  against  the  sharp  lip,  ah,  of  the  mouth,  dbtd.  The  flat  current 
of  air  thus  produced  has,  by  virtue  of  its  velocity,  a  certain 
rigidity,  which  renders  it  c-apable  of  ribrating,  like  the  prong 
of  a  tuningfurk,  at  the  month  of  the  pipe.  But  white  the  rigid 
tuningfork  posMasee  ft  fixed  and  invariable  duration  of  vibration, 
the  yielding  earrent  of  air  rcgrdotes  ita  moveraeiit  3o  (is  to  con- 
form to  the  time  of  ribratioQ  peculiar  to  the  pipe.  The  pipe 
becomes  sonorous  vfaen  blown  upon,  ami  gives  forth  a  definite 
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fumlBmentnl  tone,  condjtirineil  liy  it5  length  altnie.  \Vheti  an 
upen  pipe  si>iiu(Ih  'h»  fumlutiieiilal.  u  node  iVirm^  at  its  middle. 
The  exisU'iice  of  this  mide  may  1*  very  easily 
pmved  by  moans  of  ttic  mawjinetrie  Jia/ne  of 
Koeuig.  In  thu  wull  itf  au  open  pipe  (Fig.  2G6) 
tbreo  holes  arc  bored,  tho  one  at  tlie  middle, 
and  the  others  at  oiio-foiirth  tho  length  of  the 
pipe  from  its  cods.  Three  *'  mnnometric  cap- 
sules," a,  b,  c  are  Bcrewed  into  these  holes,  the 
arrangement  being  nhuwrn  in  Kig.  2*17.  The 
hole,  0,  in  the  wall,  hw,  is  separate<l  from  the 
inner  gpaco  of  the  •.■apHiilo,  hi,  by  means  of  a 
thin  rubber  mombraue.  IllumiDating  gad  Ig 
admitted  into  the  chamber  of  the  capstUe 
through  the  rubber  tid»e,  d,  from  the  chest,  ee 
(Fig.  2<iti),  which  is  tilled  through  the  tube./. 
The  gA8  liowa  from  the  capsule,  hb,  through  the 
tube,  »,  where  it  barns  with  a  small  jKiiuted 
le.  When  the  pi{<«  soiindfi  iti  fundanicntikl, 
Tnudo  forms  at  its  middle,  Bt  which  alternate  •'w-  i'XL  — Flpo 
condensations  and  rarefactions  of  the  air  take  Yluae. "" 
place.  At  each  condensatiou  the  membrane  is 
|HV88ed  outward,  expels  the  gas  frftm  the  ca[»ule  into  the 
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burner,  and  the  flame  bums  high.    On  TBrefacticnif  ihc  mem- 
brane ciurvrs  inward,  thu  gas  follows  it,  the  flamo  withdraws 
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into  the  burner  and  bocomos  quite  small.  The  alternate  namb- 
ing  up  and  sinkiog  of  tlte  flame  takes  \t\9JS)  so  rapidly  ihat 
when  observe'l  directly,  by  reason  of  the  |)ersisteii»*i>  of  the 
image  on  the  retina,  tmly  a  trembling  of  the  tUine  la  jterecived. 
A  rotating  mirror  (Fig.  268)  is  used  tu  observe  the  Same.  The 
iiiirrorconsistAofafonr-sided  prism  whoso  facfls&recoTeredmth 
plane  uirrora,  the  prism  being  easily  and  rapidly  morable  aboot 
tt$  rerticat  axis.  A  «toiuly  Hamv  a]}pear8  to  stretch  out  into  a 
cdiitinuout)  baud  of  U}^ht,  wbeii  tho  mirror  \&  rotated.  The 
alternate  Itvuglbouing  and  shortening  of  the  flame  on  Mund- 
ing  the  pipe,  appears  in  the  form  of  separate  flame-images 
alternating  with  dark  spaces  (Fig.  Uljilo).  Win-n  the  pipe 
aouuda  its   fundamental,  the  manumetric  Hame   plaood  at  iU 
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middle  iudirattra  the  existence  of  a  node,  while  the  other  flame 
remains  relatively  stt^ady.  If  tho  pull'  of  air  is  strengthened, 
the  pipe  wilt  aound  tho  octave  of  it«  fundamental,  its  first  owr- 
tone.  An  untinode  will  now  form  at  its  middle,  while  at  the 
pUces  b  and  c  (Fig.  !i*}6)  nodes  will  appear.  The  middle 
flame  now  bums  cjnietly,  while  the  other  two  are  broken  ap 
into  flame-like  imogoit,  which,  with  the  same  rate  of  rotation 
of  the  mirror  as  before,  U|>pvur  tu  stand  only  half  as  far  apart 
as  did  the  former  (Fig.  2ti\),  b). 

A  tube,  open  at  both  ends,  may  also  bo  made  sonorous  by 
means  of  a  gas  flame  (Fig.  '.^70)  burning  inside  of  it  and  near 
it3  lower  cad  (nn^in^  Jlavtev,  gas  harmonicaa).  The  illumi- 
nating gas  vibrates  alternately  into  and  out  of  the  burner, 
while  the  flame  extinguishes  and  rekindles  with  a  light  putting 
noise,  keeping  time  with  tho  stationary  vibrations  of  air  in  tbe 
tabe,  which  t^uutrul  the  rate  of  burning.  If  tbe  length  of 
tbe  tube  be  iucrea>M>d.  by  raising  the  adjustable  stopper,  t,  the 
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je  g^rows  deeper.    A  tube,  on  the  point  of  emittiui;  a  tone, 

>un(ls  wheneTer  its  (iHaraiiteristic   tone  ii   produced  at  a 
from    it    (sfjmfiathetic  Jtaintn).      Wheo   men   in    ihe 
mirrur,  the  siugiug  llame  also  shuws  a  series  of  sejwrate 
Images. 

From  the  lana  of  Tibmtlon  of  atmospheric  columna,  the 
velncitv  ol'  propogatiou  iif  ituund  may  be  detenuiued  by 
simple  ex})enmeut.  When  the  ribratioD 
fre<[iieiioy  of  the  fimdameuul  tone  pto- 
due<^-d  b)'  a  elosud  pi(>e  has  beeu  obt^ned 
with  the  sireu,  the  velocity  of  aound 
mar  be  found  by  inultiplyini?  four  times 
tbe  length  of  the  pipe  (i.e.  the  wftve-longth 
of  its  fiindamoutal)  by  the  froijiiOQcy.  If 
the  pipe  is  tilled  with  any  other  gas,  it 
will  give  out  a  lUfiereut  tone,  and  in 
precisely  the  sani»  w»r  as  before  tbe 
Telocity  of  pr»paK&ti<»ii  in  this  gas  also 
may  be  found.  It  may  tu^  readily  rerided 
in  this  way  that  the  veloeitieB  uf  propaga* 
tion  iu  ditVereut  gaaea  are  m  the  square 
roots  of  their  specidc  gravities.  The 
velocity  of  i^und  in  lifjuidtt  may  also  be 
detenniDcd  by  pipsD  tilled  with  the  Uqtud 
f*9iad  blonii  upon  by  a  jet  of  liquid. 

A.ssuming  the  vektcity  of  souud  iu  air  to  be  known,  the 
converse  problem  of  finding  the  vibration  frequency  of  a 
tuniugfork,  for  example,  may  lie  solved,  by  varying  the  length 
of  the  tolumi)  of  air  ivithin  s  tube  by  pouring  in  water,  until  it 
is  made  Ut  vibrate  as  powerfully  an  {w&sible  under  the  atimulus 
of  the  vibrating  fork.  The  velocity  of  soimd,  340  m.,  divided 
by  fourfold  the  length  of  the  air^colnmn,  gives  the  denred 
vibration-frequency. 

297.  Loi^itudinal  Vibration  of  Bars. — Liquid  columu»  and 
solid  bans  may  l>e  wt  into  .Ktnti' inary  iuU^itU'linal  vibration,  the 
vibrations  following  th<.-  «ame  laus  as  atmospheiiL-  columns.  A 
metal  bar,  for  example,  is  made  to  emit  sound  waves  of  this  sort 
by  grasping  it  tirmly  at  the  middle,  or  at  one  end,  and  stroking  it 
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at  the  other  end,  in  tho  dJrecliou  nf  the  leiij»th,  with  rosin-covereJ 
Bngeis.  When  held  at  the  middle,  the  bar  behaves  like  an  open 
pipe,  and  when  held  at  the  end.  like  a  closeil  one.  the  individiml 
croes-sediuns  of  tlie  bar  vibratiug  in  the  direction  of  ita  length, 
alternate  rondeiisation  and  rarefactiou  occurring  at  the  piinU 
grasped.  The  lonf^itudinal  vibration  of  the  bar  at  ita  free  end 
may  be  shotvii  by  a  giis|i«iided  ivury  bull,  which  baog^s  so  as  to 
touch  lightly  agaiust  this  end.  The  ball  will  be  forcibly  hurled 
Bway,  nlieii  the  bar  is  rendered  sonurous.  In  the  same  way  as 
with  pipes,  the  velocity  of  aoiiud  in  the  substance  of  thn  bar 
may  bo  computed  from  the  Tibration  fre«:jiiency  of  the  tone  and 
the  leaytli  of  the  bar.  It  has  been  found  that  sound  is  propa* 
gated  in  silver,  «  limes,  in  I'opper,  12  limea,  in  iron.  16it 
times,  and  in  lir  wood,  IS  tiiua';  as  rapidly  as  in  atmospheric  air. 
398.  E-andt's  Tubes. — The  nodes  and  antinodes  in  »  adnmn 
of  air  an;  made  visible  by  the  foliowiny  process  whirh  is  fine  to 
Kiiudt  (l^(i(>).  In  a  horizontal  glaAs  tube  a  amall  qiiantitr  of 
light  powder  (cork  liliugg)  ia  sprinkled.  A  smaller  glass  tube, 
held  at  the  middle  nf  the  horizontal  tube,  by  a  cork  eUwing  the 
end  of  the  latter,  projects  iuto  the  larger  tube  and  rnrries  at  \\s 
inner  end  a  cork  which  does  not  quite  fill  the  larger  tube,  and, 
consul  1  Hen tly,  remains  free  to  move.  The  other  end  of  the  wide 
tube  i»  closed  by  a  cork,  by  displacing  which  the  diHtunvc 
betweou  it  and  the  inner  cork  may  be  varied.  If,  now,  the 
gloss  tube  bo  set  in  longitudinal  vibration  by  nibbing  it  with 
a  scrap  of  moist  cloth,  slatiiiuory  waves  form  within  it,  which 
are  rendered  apparent  by  the  colleeting  of  the  powder  at  the 
aiitinodes  in  fine  trouitTerse  lines,  and  at  the  nodes  in  nmnd 
heaps.  Since  the  distance  between  two  nodes,  or  botwcvu  two 
antinodes,  is  half  a  wave-length,  by  dividing  the  velocity  of 
sound  in  air,  3-lU  m.,  by  the  wavo-tength  thus  fonnd,  vro 
obtain  dirnelly  tho  vibration  frequency  of  the  glaw  tube,  and 
hence,  as  Ijefure,  the  velocity  of  propagation  in  gla.^,  or  other 
Bolid,  if  the  glass  tnbe  be  replaced  by  a  bar  of  the  solid  material. 
From  the  velocity  of  ]iTO|mgatii>n,  V,  and  tho  donaity.  </,  ^'f  u 
solid,  the  modulus  of  elasticity,  K  =  y^d  (200),  also  results. 

296.  VittratioB  of  Cordj. — Strings  (or  conis),  in  the  acoosCio 
sense,  are  tense,  llexible  threads  of  solid  matter,  which,  when 
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Pm.  2Tt. — Tibntious  in  a  Stretcliwl  Cord. 


drawn  aside  from  the  rectilinear  pnsitinns  of  equilibrliiui  by 
picking  them,  or  hj  stnikiii^  thom  as  ivttit  the  buw  uf  a  violin, 
pass  into  ii  mndition  of  tniiwvcnto  vibration,  their  particle* 
Dwinpfin^  back  und  forth  in  paths  perpend iculnr  to  the  direction 
of  tlioir  lfnn;th  {Fifr-  27 1 ).  To  ifive-itigate  the  laws  of  Tibmtion 
of  conis.theRo-ralled  mono- 
dtord  (37!2)  may  lie  nmd. 
this  npinratiis  i^nnaiatt^  of 
a  resftnauce  Itox.  or  rc$ona- 
tor,  upon  which  the  curds 
are  !<tret(died,  Itetwoen  the 
bridges,  a  and  li,  either  by 
means  of  a  key,  s,  or  by 
tho  wcij;ht,  V.  The  frc- 
qiiouoy  is  foiind  to  be 
greater,  the  shorter  anti  thinner  the  rord.  When  stretched 
ivith  four  times  the  iieif^ht.  it  gives  the  octave  of  it»  fuoda- 
inenttil  tone,  and,  conseipiently,  the  frequency  is  doubled,  i.e. 
the  frequency  i»  proportional  to  the  wpiure  rtwt  of  the  tension. 
When  made  of  heavier  matpnal,  the  (*i>ril  emits  a  lower  tune, 
and  the  frequency  is  fimnd  to  l>c  iuver^ly  pruportioiial  to  tho 
square  root  of  its  speciflc 
gravity.  WTicn  the  cord 
vibrates  as  a  vihute  (Fig. 
271,  A),  it  f^iTOA  out  ita 
fundamental  tonci.  But 
it  may  also  be  divided  by 
stationary  poinU  {nodes) 
intti  2,  8,  4,  .  .  .  vibrat- 
ing partM  (_antimide?tt,  whereii|Jon  the  harmonic  overtones,  whoso 
vibratiou-u  umbers  are  2,  3,  4,  .  .  .  timeti  as  great  a.i  that  of 
the  fundamental,  are  siiocessively  pruducud.  To  {>roduce  the 
forms  of  vibration,  U,  C.  V  (I-"ig.  271),  the  cords  should  be 
touched  with  a  [wucil  point  at  m,  n,  and  p,  at  the  same  time 
tlial  thoy  are  stroked,  or  picked,  at  u.  Tho  nodf«  may  l>e 
made  vi»iible  by  placing  light  paper  riden  at  the  niKte»  and 
antinodes.  The  riders  will  be  instantly  tbrown  off  at  the 
aniinode^.  but  will  remain  on  the  string  at  the  uudea. 
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The  frequency,  N,  of  the  fundameDtal  of  a  cord  is  given  hy  the  ex- 
presBioD — 

"      Id's/  «' 
where  I  denotes  its  lensth,  d  the  thicknesa,  S  the  tension,  «  the  specific 
gravity,  and  g  =  9-81,  and  »  =  314159  (Taylor's  formula,  1716). 

300.  Transverw  Vibrations  of  Bars. — While  the  tendency 
of  a  cord  to  return  to  its  position  of  equilibrium  after  being 
drawn  aside  from  it,  must  be  due  to  an  external  force, 
tension  bars  must  possess  within  themselves  the  elasticity 
necessary  to  vibration.  When  a  bar  is 
fastened  at  one  end,  it  assumes  the  various 
conditions  of  vibration  represented  In 
Fig.  273,  vibrating  either  as  a  whole,  or 
with  1,  2,  3,  .  .  .  nodes.  With  a  glass 
fibre  of  the  proper  length,  fastened  to 
a  prong  of  a  toningfork,  the  nodes  may 
be  studied  observationally.     If  both  ends 

FiQ.  273.— Vibrating      ^"^  ^'^»  *^s  ^^^  possesses  two  nodes  (Fig. 

Fonne  of  a  Bar  fiied  at     274)  in  its  simplest  mode  of  vibration. 

These  nodes  are  about  one-fifth  of  the 

cord's  length  from  its  ends,  aud,  to  permit  the  bar  to  vibrate 

freely,  it   must   be    supported    only    at    these    points.      The 

frequency  of  vibration  of  a  bar  is  directly  as  its  thickness, 

inversely  as  the  square  of  its  length 

"--■■^- :7T^-^-~       and  independent  of  its  breadth.     The 

overtones  corresponding  to  the  higher 

>i^^-~-:iI"^'-^'"^-— .:-v-^^'-^     vibrating  forms,  are  not  harmonic  with 

Fig.  274.--VibrRting  Forma    the  fundamental,  but  rise  much  more 

of  a  Bar  free  at  both  ende.      ^^-^^^  ^j^^^  ^^  ^^^  harmonics.      The 

lengths  of  bars  of  equal  thickness,  whose  fundamental  tones 
are  the  notes  of  the  scale,  must  be  made  inversely  as  the 
square  roots  of  the  frequencies. 

The  vibration-numher,  N,  of  a  bar  ie  expressed  by — 

where  E  denotes  the  modulus  of  elasticity,  «  the  specific  gra^-ity,  and  C  a 
constant  factor  depending  upon  the  mode  of  fixing,  or  supporting,  and  upon 
the  number  of  nodes. 
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With  a  bent  bar,  the  nobles  lie  nearer  its  middle  than  with 
a  stnight  one.  A  tunintjforh  is  a  Wr  bent  in  the  furm  of  a 
horseshoe.  la  it  the  two  nodes  lie>  verr  noai  to  the  b&nd  of 
the  bar  fKiR;.  275.  «). 

301.  Vibrating  Plates. — WTioii  atroked  along  their  wlges 
with  R  violin  l«>w.  jilutM  may  be  subdivided  by  node  linet  in 
manifold  n'ayti.  If  certain  of  their  points  are  pre- 
Tenlcd  frijui  vibrating  by  being  ulampod,  or  touched 
with  the  fincer,  sand  sprinkled  over  a  vibrating 
plate  withdrana  from  the  vibrating  regions,  and 
eotlefts  along  the  nuilo  linos,  thus  rendering  tbein 
apparent.  The  acoustic  figures  of  Fig.  27(J,  tiral 
produced  by  Chladni,  and  named  for  him,  arise  in 
this  way.  Each  corresponds  to  a  (lifTcrent  tone  in 
the  plat«,  the  tone  being  of  higher  pitch  tlie  more 
nomerons  the  vibrating  subdivisions  of  the  plate.  In  the  draw- 
ing the  points,  which  must,  l>e  held,  to  province  the  rettp«?clive 
figures,  are  designated  by  a,  and  the  point  whore  the  >ioiin 
bow  \%  U\  be  applied,  by  l.  Circular 
plates,  fustt^ned  at  tho  contre  anil 
struked  at  the  edge,  subdivido  by 
diametral  lines  into  4,  6,  8, .  .  .  equal 
gectora.  Twti  adjoining  sulKlivbiinns  of 
a  plate  vibrate  alnaya  opjMsitely. 
Bella  may  be  eousidered  as  thin  curved 
platea.  While  ringing,  they  subdivido 
int«  vibrating  portioBs  separated  by 
stationary  node  liuea. 

SOS.  ILe«d   Pipea — A    reed    U    an 
i'lustic  metal  iilrip,  tixed  at  mw  end, 
vibrating  according  to  the  same  lawev 
liarsand,at  the  same  lime,  iulumiitting    Fia.  X7i>.— Cbbdsj  Aconatio 
a  current  of  air  at  regular  intervals  Fixori* 

by  its  vibrations.  This  current  passee  from  the  tube,  ppy  of 
the  reed-pi[ie  {Fig.  277t,  wbosa  base  ja  wt  over  the  month 
of  a  belhiw.t-tube  into  the  cylindrical  brsHH  canal,  rr,  whose 
slit  is  alternately  openeil  an<l  cdosed  by  the  vibrating  tongue,  L 
The  air  escapes  thence  through  the  oiiBce,  v.     The  tuning 
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vrire,  d,  is   inaerted  through 


Fi".  277.— 
Bcwl  Pipo. 


>  u-ooden  cap,  88,  by  which 
the  reed  is  held  in  ]>Iace  in  the  piiie.  By  pressing  d  domtwBnl, 
ur  raisiDg  it  upn'ard.  the  tougue  nitty  be  tuned  to  a  higher, 
or  lower  pitch.  A  conical  funnel  may  be  plnoed 
upon  the  mouth  of  the  nj^ieniug.  i",  to  intensify  and 
vary  the  tone.  When  the  funnel  is  short,  it  exert* 
no  appreciable  innuenc'e  upon  the  iiindaiueutal  lone 
of  the  ret^I,  hut,  when  suHiiMeiilly  loii^,  it  alters 
the  freijuem-y  veiy  inaterially.  The  reed  v*  neither 
as  stiff  hs  ti  tiiiiingfork,  nor  as  yielding'  as  the 
nirrent  of  air.  of  un  onliimry  pipe.  The  stutinnani' 
wave  furmed  in  tiio  funnel,  when  sufficicutly  long', 
forces  the  tongue  to  accommodate  itnelf  to  th« 
issuing  wavoe.  Still,  another  fnrin  of  roed  is  that 
of  thi_'  memhranom  toh^ue.  This  is  funutMt  by  two 
elastic  plates,  or  hands  (of  rubber),  which  by  their 
vibrations  alternately  open  and  eluse  a  slender 
slit  between  tbeui.  and  thus  rytbniically  interrupt 
the  air  current  Qotv-ing  through  the  slit  The  pitch  uiay  he 
jf  heightened  by  increasing  (lie  tension  of  the 
*  bandfi.  The  organ  of  human  !<|ieec>h  in  merely 
a  membranous  reed-pipv,  within  whitdi  the 
Tocal  curdH.  or  luuids,  strelehed  at  the  xkleft 
of  tht-  i^lutiis.  m-t  a»  reeds. 

303.  Composition   of  Bectangiilar   Vibra- 
tion*.—A    bar  of  rectaiigidar  orog.'j-scoticru 
tixpd  at  one  end  (l''ig.  "■i"^),  t'an  be  mmle  to 
vibrate  in  the  dire('tion.s,  ab  and  ed,  perjion- 
dicuJHrJy  to  em-h  other,  the  frcijtiPniMes  in  the 
two  iIin.>clions  Ixring  rtduteil  to  eorh  other  as 
the  lhickaet«)«  ul'  the  bar  in  the  rospot^tive 
directions    By  means  of  an  oblique  iiu|>td»e, 
both  modes  of  vibration  are  pT(»lii<-ed  siniul* 
taneously,  and    the    tree    end    of  the    liar 
describes  a  curved  Hue  (Fig.  279),  whosi' 
Fm.  S78.— Cninpotiiid    form    depends  uimiu   the  ratio  of  the   fre- 
^fbruioMoT*  Km.     qngnvicA.     If  those  frequeucies  are  e«imil,  or 
in  the  ratio  1  :  1.  the  vibrating  figure  is  a  circle,  or  an  ellipae. 
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If  the  ratio  is  1  :  2  i  fundamental  aiid  its  octave),  the  tignro 
has  the  form  of  an  8,  and  so  forth.  These  ornanioalal  tigiire» 
may  Ite  very  prettily  exhibited  M'ith  bai^  carrying  brightly 
shining  kuobs  at  tbeii  upper 
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ends  (Whcat^tone's  koletdo' 
phone,  1827).  By  a  process 
given  by  Ligsajoiis  (IS-I"), 
these  vibrating  ligiiTes  may  \to 
thnivm  upim  a  HRfoen  by  the 
ttgency  of  a  beam,  or  ray,  of 
light.  Two  tiiningforks,  R  and  S  (Fig.  280),  the  ono  placed 
vertii!ally  and  the  uther  horizontally,  carry  small  mirrors  at 
C  and  ii.  The  ray,  AB,  from  the  lamp,  A,  is  reflected 
from  B  to  il,  from  C  niH)U  a  screen  »l  L>,  forming  here  a 
luminuus  point,  when  the  forks  are  at  rest.  When  the  fork, 
E,  vibrates  alone,  the  lumi- 
nous [wint  is  replaced  by 
a  bund  of  light  standing 
in  &  vertical  position,  and, 
when  S  alone  vibratem,  » 
horizontal  liand  is  seen. 
When  both  forks  vibrate 
eimultaneously,  a  curvi- 
linear figure,  similar  to 
those  of  Fig.  27!>,  is  ob- 
served, from  who-se  form  the 
ribration  ratio  of  both  forks 
m&j  be  obtained. 

304.  Vibrography,— The 
vibrations  of  a  timingfork 
may  Ite  permanently  drawn 


^: 


Fio.  £80.— Lim^oiih's  Otitivnl  Ueltiod  of 


npon  a  srirfai^e  by  providing  its  prongs  with  points  (Fig. 
281.  r)  made  of  thin  sheet  brasa,  and  allowing  these  points 
to  stAnd  jnst  above  a  glass  plate  coated  with  soot,  while  the 
fork  is  iu  vibration.  Or,  thL>  glatts  plate  may  be  replaced 
by  a  cylinder  poated  with  lampblack  (Fig.  281,  TT),  which, 
Uuiiug  the  rotatjuu,  is  carried  by  means  of  the  threads,  kh, 
along  in  the  direction  of  the  axis,  the  uyliuder  al  the  same 
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time  revolving  at  a  uniform  rate,  just  in  front  of  the  tuning- 
fork.  In  this  case  the  point  draws  a  waved  line  (Fig.  282)  in 
the  coating,  which  is  a  true  graphic  representation  of  the  law  of 


Fi9.  281. — PhoDButograpli- 

motion  of  the  fork.  Being  a  sinusoid,  it  shows  that  the  vibrations 
of  atuningfork  follow  the  same  laws  as  do  those  of  the  pendulum. 
This  apparatus,  known  as  the  phonautograph,  makes  possible 
the  accurate  determination  of  the  frequency  of  a  tuning-fork. 
This  is  done  by  leading  wires  from  the  stand  supporting  the 
cylinder  and  the  base  of  the  fork  to  an  tTiductor,  and  inserting 
into  the  circuit  a  seconds  pendulum,  so  that,  at  each  vibration, 
'  the  current  is  closed  for  an  instant.  At  this  instant  a  spark 
•passes  from  the  point  to  the  cylinder,  leaving  upon  the  waved 
line  a  distinct  mark  (Fig.  282,  abc).     The  number  of  vibrations 
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Fio,  282.— Waved  line  of  a  Tuningfork. 

of  tbe  fork  in  one  second  may  now  be  easily  counted.  If  the 
fre(iuency  of  the  fork  is  known,  the  number  of  waves  contained 
between  two  such  marks  furnishes  an  exact  measure  of  the 
small  interval  of  time,  which  elapses  between  the  production  of 
tbe  marks  {tuningforh-chromacope,  vibration  chronoscope).  To 
draw  waves  of  air  by  means  of  the  phouautograph,  a  funnel- 
sbaped  condenser  is  placed  before  the  coated  cylinder,  with  its 
narrow  end  covered  by  an  elastic  membrane,  carrying  a  light 
steel  point,  sliding  gently  against  tbe  coated  surface  (phonau- 
tograpli  (if  Scott  and  Koenig,  1859). 

305.  Interference    of  Sound  Waves. — Two  sound  waves  of 
equal  pitch  aud  intensity  will  uiutually  destroy  each  other 
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on  conibining  (iHter/ereitce),  thereby  produeinf;  siteuce,  pro- 
vided thoy  meet  in  phases  difl'ering  by  half  a  wave*l«ngih. 
This  may  t»  oljraerrwi  when  two  pif^ies  tuned  t*i  the  aame  pitfli 
ate  plac-oil  upon  the  some  orjjau  bellows.  The  motion  of  the 
air  must  ho  so  rogniatcd  that  when  at  the  node  of  one  con- 
deii<tatu>n  oociire,  rarefftction  siiniiltADOougly  takes  p]ao«  at  the 
other.  An  ear  at  a  miall  distance  from  the  pipes  receives  th»u 
Biiuultanoi'iisly  e  wave  of  condensation  anil  of  rarefaction,  and, 
W  a  eon Mt(i Hence,  the  fundamental  tone  of  the  pi])e8  is  not  per- 
ceptible, while  the  overtones  for  which  such  opposition  of  motion 
does  not  exist  are  distinctly  oudihto.  Fig.  283  represents  an 
apparntus  (Quincke)  designed  to  quench  the  tone  of  a  tnning- 
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i»y  int^rferenee.  Two  fork-shapeil  rrlass  tnbes,  oboe  and 
f.  ore  connected  on  one  side  by  the  shurt  tube  {ad),  and  on 
the  other  hy  a  longer  mhber  tube  (/^p«).  If  the  end,  c.  of  the 
apparatus  is  placed  at  the  ear,  a  tuningfork  placed  before  the 
open  end  of  the  rubber  tube,  nr»,  is  wholly  inaudible  when 
the  inhe,/qpe,  equals  half  e  wave-length  of  the  tnningfork.  A. 
tqffis  is,  however,  heard  at  once  when  the  tube  i«  prewied 
'UgeOier  with  the  fingers. 

306.  Beats.— When  two  tones  are  Ronnded  together,  whoM 
fre-iusneios  differ  but  little,  alternate  incrwwo  and  decreawof 
iuceiL-iity,  known  to  musicians  aa  beats,  are  perceived.  If  two 
tuniugforks  vibrating  respectively  612  awl  .'lOS  timex  in  a 
second  are  sounde^l  together,  and  if,  at  a  given  instant,  their 
motions  ore  in  such  agreement  that  Ixith  send  wnvos  of  con- 
densation to  the  ear  aimultoneousty,  on  intuuaitied  sound  is 
heard.  This  impro^-tion  is  repeated  every  }  of  a  second,  8inc« 
during  this  lime  the  tirst  fork  vibrates  128,  and  the  second  127 
times.     After  ^  of  a  second,  on  the  contrary,  the  foriuer  has 


ttt 


KXPKSIMKXTAL   PBY&ICS. 


vibrated  64  times,  anil  the  latter  only  63-5.  The  SGOOiid  fork 
is  therefore  boliuid  the  lirsl  by  half  a  vibratiou,  auJ  mnAs.  a 
wave  of  rarefaction  to  the  ear.  Thi<i  exactly  neutralizes  the 
wave  of  coDileasation  ^imutlaaeously  emitted  from  the  Urst 
fork.  Four  beats  are  therefore  beard  each  second,  which 
niua'bcr  is  merely  the  diiference  between  the  frequoudesof  the 
two  fork^.  Gonoralty,  the  numhor  of  beat«t  in  a  second  is  equal 
to  the  differenoc  of  the  rates  of  vibration.  If  there  are 
more  than  thirty  beats  per  second,  they  cannot  be  perceived 
separately.  They  prndure  a  resultant  effect  np<in  the  ear 
which  is  disn^n^eably  r()U[;h,  and  which  is.  the  chief  canae  of 
what  is  exiled  dissonance.  With  tb«  aid  of  these  beats, 
even  the  unpractised  ear  may  very  easily  attune  two  etirds,  pipw, 
etc.,  to  perfect  nnison.  I>e('ftnse  the  approach  U»  this  contlitioa 
is  indicated  by  the  boats  becoming  iihiwer  and  slower.  .V  series 
of  tiiningfiirks,  nr  of  reetls.  ptM^h  i»f  which  ^ivcs  M'itli  the  next 
following,  a  dutiuita  niuubor  of  (four)  beats  ]>cr  itccimd.  may  be 
itsed  as  a  to)U!-meier  {tcmanxder)  to  determine  the  frequencies  of 
toooK  in  the  noij^lilRnirhood  of  the  series. 

307.  Differenoe-toBes.— ~Oti  bounding  two  powerful  tones 
t«)gether  nduise  pitches  are  not  so  nearly  equal  as  to  render 
their  beat«  indiHtiiignlshablc,  u  third  and  deeper  tone  is  heard. 
whose  vibratiuu  friKpiono-y  eqiiaht  the  diffbronce  of  the  fre> 
qnencie^  of  the  two  tones.  Thifl  is  called  a  cotnhhtational  tone, 
Tartini't  tone,  nr,  according  to  HelrahoUx,  a  difference  tone.  It 
ie  alsu  known  as  the  ^rave  harmonic  of  Tartinl  (Sorgo,  1745). 
The  next  loner  octave  of  a  tone,  for  example,  is  h(4Lni  when 
the  tone  is  mounded  siniultancotisly  with  its  Uftb.  HelmhultE 
added  to  tiiiii  nutither  tone,  culleii  a  aummatiotud  tottOf  whose 
6«qneDcy  is  the  sum  of  the  freqiiencios  of  the  coDstitQent  tones. 

308.  Kasonance  t$  the  sympathetic  sonoroUH  vibrattoa  of 
a  IkhIv  produced  by  Konading  in  itx  vicinity  its  ch^^Hl^teristic 
toue.  We  have  already  had  an  illtiMtratiou  of  this  la  the 
sympathetic  vibration  of  a  coloiua  of  air  in  a  t«be  with  a 
timin^fork,  t%'ivmg  the  mme  toue  as  would  be  produced  by 
soundiug  the  tube. 

If  one  of  two  cords  stretched  batide  each  other  be  strnek, 
the  other  also  resoutids,  if  the  cords  are  tuned  together,  ua.  if 
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tlieir  characterifttic  toiieH  have  been  giveu  the  itamo  pitch.  Tbe 
itecoud  reiiiuinH  aileut,  however,  \i  they  difler  in  their  pitch  hy 
uever  m  little.  The  tonl  wliioh  iM  rtruck  emits  waves  nf  sound, 
(vhiL-h,  Btrikiug  agaiu.sl  the  utlier  cord,  are  obte  to  set  it  also  iu 
iiiolinu.  H'the  ware  impulse  be  pri>|>erly  timed  withthe  viliration 
of  which  the  cord  ia  capable.  i.e.  if  lx>th  cords  are  tunod  together, 
the  curd  at  rest  r<>ceives  a  forwanl  impulse  jiul  on  the  itiNtaiit 
when  it  iH  on  the  point  of  muvin>r  forward,  and  a  backward 
impulse  ciuriiiK  its  reluni.  The  suci^essive  impulses  a«!t 
incessantly  in  this  way  to  intt-usily  tliu  motion,  whirii.  at  the 
tirst  impulse,  was  extreniely  weak,  »i  that  the  cord  at  longtli 
vil>rat«H  with  sulllcicnt  vi<^mr  to  burl  off  paper  riders  plaoed 
upon  it.  But  if  tlu>  vibration-frei^uency  nf  the  on-coming 
wave  diflers  from  that  of  the  cord,  the  latter  impulses  i«!t 
against  the  feeble  Tibtation  pn)duf»d  by  the  former,  and  the 
effect  18  deatroyed  completely.  The  tones  of  the  wml  are 
distinctly  audible,  as  Is  well  known,  only  when  they  are 
Btrctcbed  above  a  wooden  resonaijice  box.,  or  retoiiator 
(Fig.  272).*  The  elastic  fibrew  of  the  wood,  together  with  tbe 
air  contained  in  tbe  retnoruitor,  re-enforce,  by  their  sympathetic 
vibrations,  the  feeble  tone  iiI"  the  Kurd.  The  value  of  a  stringed 
iiistruwiont  depends  very  materially  npnn  the  ijmility  of  its 
resonator.  Tuoingforks,  which  of  iheiuwives  omit  bat  feeble 
sounds  when  fastened  upon  a  box  closed  at  one  side,  and  of 
length  ©fpiftl  to  one-quarter  of  the  wave-length  of  the  tone  of 
the  fork,  arc  powerfully  re-euforced  by  the  air  in  the  box 
which  acts  after  the  niamier  of  a  closed  pipe.  If  one  of  two 
forks  standing  beside  each  other  and  tuDcd  in  nnison  is  made 
to  emit  sound,  and  then,  by  touching  it  with  the  hand,  is  again 
eilenced,  tbe  other  fork  continues  to  resound,  as  may  bo  shown 
by  allowing  it  to  rejiel  an  ivory  ball  suspended  go  as  t<j  touch 
one  of  its  prougti. 

309.  auality.— Sounds  differ  from  eacli  other  not  only  as 
regards  pitch  and  inUnsxty,  but  also  as  regards  their,  fwd/t'^y 
(timlnv).  It  t»  to  this  latter  pru[)erty  of  sound  that  tbe  jieculiar 
clutfactcr  of  one  and  the  same  note  is  doe.  when  heard  ficom  the 
violin,  clarionet,  the  piano,  or  from  the  human  voice.  While 
the  intensity  of  a  sound  de^iends  only  ujion  tbe  amptiiude  of 
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Pes.  2M.— Yibntion  Fornu. 


its  vil«ationg,  being  jirciportiunat  to  the  squares  of  tbeni 
(53),  and  the  pitch  fle|>en(ln  only  iipim  the  vibrat ion- 
number,  or  frequency,  the  quality  deiieiidn  upon  tlio  t^ihration- 
form,  By  the  vibration-form  id  moant  the  form  of  tho  wave-Une, 
which  roprosonts  the  taw  of  the  condensations  and  rnrefnctinus 
of  the  sounding  body  (as  shown  by  the  plumaiitogmph.  for 
example).  In  Fig.  284,  A  and  B,  tho  heavy  full  wavL'-linea 
repret?ent  two  irave-nintinns  of  ei]iial  pttrb,  but  of  ililTerent 
vibration-forms.  The  former  curreflpondi;  to  tho  »iinpli.'  luuliou 
of  a  tuningfurk  according  to  the  Jaws  of  the  penduinm.    The 

latter  is  ci)m|joiinded  of  two 
]ieudulam-liko  motions,  indi- 
cated by  the  fainter  wave* 
lines,  one  proihu-ed  by  the 
hindanieutal,  and  the  other 
by  its  octave.  The  displace- 
menta  produced  by  esch 
nave  singly,  along  any  vertical  line,  add  to  each  other,  so 
that  the  longer  wave  oarrie!^  the  shorter,  as  it  were,  upon  ita 
li(U'k,  thereby  pr(«lncing  a  new  «ave-furin  indicated  by  the 
heavy  Una  This  romptiiDd  form,  tlinngh  funned  by  thu  fusing 
together  of  two  pondu!nm-tike  Tibrations,  does  not  itself 
conform  to  tho  law  of  tho  i^cndnlum.  In  a  similar  way,  any 
desired  motion  of  vibration  whatever,  which  does  not  itseif 
follow  the  lang  of  tho  ]>cndiilum,  may  be  com]x)unded  of  simple 
|»endHlnm-]ike  vibrations,  or  it  may  be  decomjiosfld  into  them 
(Foiiricr).  Tho  frequencies  of  the  component  vibmtioos  will 
bear  to  aach  other  the  ratios  of  the  natural  mirabors,  1,  "2,  H,  4,  . . . 
I'hia  docom  position,  however,  is  not  merely  an  imaginary  one. 
It  is,  in  point  of  fact,  iinconsciously  perccive<l  by  the  ear.  For, 
according  to  a  proposition  dne  to  G.  S.  Ohm,  the  par  poroeivoe 
only  a  pendulnm-like,  or  simple  harmonic  motion  of  the  air  as 
a  wimple  tone,  while  it  decomposes  every  other  vibratory 
motion  into  simpler  constituent  harmonic  motions,  each  of 
which  is  perceptible  in  the  composite  sound  as  a  series  of  simple 
tones.  The  lovreat  tone  heard  in  a  sound  in  called  ite  fuuda- 
menial,  and  the  higher  ere  called  overtones  (partial  tones). 
The  great  varieties  of  quality  are  due  to  the  association  of  the 
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fundamental  tone  with  varioas  overtonea  of  greater,  or  less  in- 
tensity. To  assist  the  ear,  which  readily  accostoms  itself  to  the 
perception  of  every  sound  as  a  complete  whole,  in  hearing  the 
separate  partial  tones,  Hehnholtz's 
resonators  (Fig.  285)  are  used. 
These  are  hollow  spheres  of  glass, 
or  brass,  having  one  mouth,  a, 
turned  to  the  source  of  sound,  while 
the  other  cone-shaped  one,  b.  is 
placed  at  the  ear.  Any  given 
resonator  intensifies  only  those  sim- 
ple tones,  to  which  the  air  contained 
in  it  is  attuned,  and  it  is  therefore  capable  of  assisting  the  ear 
to  disentangle  only  this  particular  tone  from  a  mixture  of 
sounds.  By  means  of  a  series  of  resonators  based  upon  a 
fundamental  tone  and  the  corresponding  overtones,  one  may 


Fid.  285.— BewnatOT. 


Fig.  286.— Soand  Asal^Eer. 

test  the  composition  of  any  sound  with  the  same  fundamental 
tone  by  decomposing  it  into  its  simple  partial  tones.  This 
analysis  of  sound  may  even  be  rendered  visible  by  means  of 
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Eoonig'fl  aound  analyzer  (Fig.  28A).  lu  this,  eight  rwonaiora 
are  fsLSteDe*!  one  alKive  the  other  tu  &  vertical  HtAQilaird.  the 
back  opening  r»f  earh  being  ronnecteil  )iy  means  <if  a  mhher 
tul)e  with  a  niamimctrii;  (-upstilt;  (v.  V\g.  list).  The  j^-IIotnas 
of  these  rapsutenare  placed  aboTeuno  anntheraloii^an  iuvtinod 
line,  and  aie  ob^orved  in  u  rotating;  inimT.  Those  flames  whose 
resonators  are  atlectod  by  the  sound  give  a  series  of  separate 
flame-images  in  the  mirror,  while  those  whose  resonators  are 
not  so  afTc^cted  appear  in  the  form  of  bright  bandit. 

When  Koimdinf?  bt«iios.  siw^h  as  strings,  piiws,  etc.,  aro 
caused  to  suMivido  by  ntidns,  they  give,  simultanooualy  with 
the  fundamental  tone,  all  overtones  not  preventcl  from  iomi' 
ing  by  ibc  sixrinl  mode  of  exi-itatiim.  To  illnstrnte  :  if  a  cord 
iit  picked  ai  a  [Hiint  X  of  the  length  from  the  end,  and  then 
toui^hod  at  itK  middle  with  a  pennil,  the  fnnilamnntal  ceases  to 
sound  and  its  octave  is  board.  If  toiiehtid  at  the  {Miint^t,  \,  ]» 
J,  i  of  the  length  from  the  otbur  end.  thcrt-  will  be  hoard,  in 
turn,  the  fifth  of  this  octave  (tho  duodecimo),  tJie  double 
u(!tavo,aiid  then  tliotliinlaml  thetifthof  the  latter.  The  jnrtiai 
tones  of  the  seventh  order,  not  ocrnrring  in  the  scales  iu  most 
extended  use,  carinor  form,  liecanse  the  cord  was  picked  at  the 
precise  (Miint  where  it  would  require  a  node.  It  is  the  siraul- 
taiieoiis  sounding  of  tlie  harmonic  overtones  with  the  fiinda- 
mentat  and  their  blending  together,  which  produce;!  the  rich 
and  mehidiou^  quality  that  makes  cbordg  of  such  great  rahie  in 
music*.  If,  Via  is  the  ease  with  stroktHl  strings,  still  higher 
partial  tones  intermix,  the  sound  beromes  rougher  and  sb&rper. 
but  gnins  greatly  in  expreasironess.  Open  pipes  give  the 
same  series  of  barmoiuc  uvcrti^nos,  bnt  os{HX'^ially  the  lower 
ones.  If,  a«  with  cIose<l  pipes,  only  the  overtones  of  odd  fre- 
quency aro  present,  the  sound  seems  muffled  and  hollow. 
Simple  tones,  such  as  those  given  hy  tuningforks.  aro  agree- 
able and  soft,  but  empty  and  expressionless,  and  are.  therefore, 
but  little  used  for  musical  purposes.  The  ringing  Mmnds  of 
bars  and  plates  whose  fundamental  is  accompanied  by  high  and 
onharmouic  uvortoucs  (Holmholtz,  l^ijr>)  are  still  lo4»  musical. 
Tha  consonance  of  two  iwunds  is  always  more  complete,  the 
more  partial  tones  rhey  have  in  conuDoD. 
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310.  Production  of  Vocal  Sounds.  —  The  human  roico  is 
prixiured  by  the  viliruttim  <if  twu  elastic  membrancsi,  i>r  bamla, 
called  Tocftl  cunls,  which  are  stretcheJ  iu  the  Urynx  from  the 
frout  bAcbwards  s«  an  lo  f'>rm  the  eilges  of  a  mirrow  ajiwo 
called  the  vocal  flit.  By  the  vihrotiou  of  Ihe  cords,  the  slit  ia 
oltoraately  upeneil  anil  closC't  in  such  way  as  to  intomipt  the 
ciinent  uf  air  |)assiii^  from  the  trachea,  or  wiQdpi[>e,  at  regular 
iatervab.  ThU  pnHliinea  a  $i>iind  nhioh  is  higher,  or  hiwor, 
aoctaxling  as  the  cords  are  more,  or  les.s,  tensely  atretchod  l>y 
tho  action  of  certaiu  ToInuUry  niiisclcw  controlling  thorn.  This 
ioimd  is  qnite  rich  in  overtones.  l(y  varying  tho  si««  ami 
fomi  of  ill*-  cavity  of  the  mouth  one,  or  m<irt»,  of  these  overtone)* 
may  he  especially  emphasized  so  that  the  quality  of  the  voire 
may  be  varied  iu  a  multitude  of  ways^  The  cavity  of  the 
month  acta  &»  a  rvjiuuator  in  inrrettsc.  by  the  slmidtAneous 
vibration  of  the  air  ctmtained  within  it.  the  intensity  of  tho«» 
OTertonw  (o  which  it  is  inoinoutiirily  attuned-  The  differeneog 
of  vowel  sound-t  depend  upon  the  variations  of  quality  prudiioed 
in  this  truy.  While  with  u  almost  the  pure  fundamental  tone 
is  heflril.  with  o  the  octave  is  aesoetat^d  uilh  it»  fundamental, 
ami  witii  a,  e,  anil  i,  still  other  overtones  arc  intermixed. 
Besides  these  overtones,  which  refer  to  the  fundamental  and 
are  pitched  iu  accordance  with  it,  each  vowel  i»  distingnished  by 
one,  or  more,  other  overtones  of  detinil*  pitch.  Th&m  overtone^i 
are  merely  the  instantaueoiis  tones  of  the  ravily  of  tho  mouth. 
Jf  this  cftvity  is  brought  alternately  inh)  tlie  |K>«ition8  corre- 
sponding t<>theTon-eUaaDda,aDd  iheKesonnds  be  successively 
uttered,  while  a  vibrating  tuningfork,  whnso  tone  is  i„  is  held 
before  tho  mouth,  the  air  in  tbe  mouth  will  vibrate  vigorously 
with  the  0,  while  with  the  a  no  vibration  will  w-cur.  But  if 
the  fork  is  tuned  to  &«  the  reaponse  is  heani  with  a,  but  m* 
■  with  o ;  Aj  is,  therefore,  the  chaiscteristic  tone  for  o,  and  t,for  a. 

If  the  vowels  are  sjKiken  with  the  same  ]xwition  uf  the 
vocal  organs  against  tbe  membrane  of  a  nianoiuclric  tbune, 
tho  zigzag  row  of  tlamoHAcen  in  u  rotating  minor  show«  Ihe 
differonce  in  the  composition  of  the  vowel  sounds. 

Tho  consonants  aro  brief  and  iu)[Hire  mhuiUs  pnxluced  by 
the  lips,  tongue,  teeth,  and  gums. 
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311.  Phonograph  —  Gruninophone. — liy  meaiiii  of  the 
phonu^aph  of  Edisnn  (1^77)  the  Miimik  »f  the  human  voice, 
and,  in  fact,  any  sound  may  Ik.-  iK.Tmaiiontlj'  retwrdeil  ruid  repro* 
dut-ed  ut  nil]  alW  any  luu^lli  ul'  liinc  A  Ijtbbs  cytintlcr  (C, 
Fig.  287)  ift  borue  by  au  axis,  W,  the  throadud  end  of  wliich, 
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Fio.  287.— PIiMiog»pb. 

A',  workd  in  a  nut,  cut  in  tbe  support.  Upon  the  siirftce  of  xh& 
cylinder  is  cut  a  s|iiKl  groove  of  the  same  pitch  as  that  of  the 
flcrew,  A'.  The  cylinder  is  coated  niih  a  thiu  sheet  of  tinfoil, 
or  ill  the  later  impmved  apparatus  with  a  removable  layer  of 
wax.  The  coating  is  used  for  the  reception  of  characters.  The 
writing  apparatus  cunsist^  nf  a  lurnithpiece,  1)  {Pig-  28«S|,  Ijiack 
of  which  a  thin  ptate,  E,  stretched  like  a  drum-head,  which 

pregfios  ft  giyU^  0,  borne  by  a  metallic 
spriu;,',  with  the  help  of  the  daiupors^ 
Fr  (pieces  of  rubber),  against  the 
cylinder.  When  the  crank,  H.  is 
tiimed.  the  style  describes  a  spiral 
line  following  a  groove  of  the  cylinder. 
If  the  mouthpiece  is  spoken  against 
while  tht>  cylinder  is  rritated  nuifurmly, 
the  platu  vibtutey  hiuI  tbe  style  pro- 
duces inipnrssiimK  iu  the  tinfoil,  or  the 
wax.  The  jirutlle  of  thuKC  imprejoious 
imitutcs  the  form  of  vibratiim  of  the 
ejiokou  MiiiudK.  To  reproduce  thtMe* 
floundR,  the  writings  apparatus  is  raised  from  the  surface,  and  the 
cylinder  i.i  turned  backward  until  the  stylo  and  mouthpiece 
are  ajrain  in  the  initial  position.  On  rotating  the  cylinder  as 
at  the  iiutJiet.  the  style,  gliding  over  the  impressions  in  the 
foil,  sets  the  plate  into  precisely  such  vibrations  as  previovisly 
made  the  impresiiions  upon  the  cylinder.      The  apftaratus  thas 
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reprcMluces  spoken  wonU  with  more  or  less  (luitmcrtness,  aod 
with  II  (piality  Himilar  to  that  of  (lie  original  sound. 

In  the  grammophon©  (Berliner,  1888)  the  waTos  of  soand 
collected  by  a  guide,  are  written  upon  au  etching-gr^iuml,  by 
means  of  a  Teriical  membrane  carrj-ing  a  writing.'  style  at  its 
oentro,  as  spiral  wavo-lines  upon  a  horizontal  metallic  (li<<k, 
wbich  lines  are  then  etehed  in.  The  plates  so  obtained  may  be 
iltiplirated  any  number  of  times.  To  reproduce  tho  sounds 
(«|K>c't!h,  cries  of  animals,  pieces  of  music,  otc),  the  style  of  a 
rerticol  membrane  in  drawti  along  in  the  depressed  ware-Une 
by  rotating  the  disk,  and  the  membrane  is  thereby  set  into 
t'orres[X)nding  vibration  wbieh  reproduces  the  original  sounds 
and  may  repeat  them  indelinitely. 

318.  Hearing. — The  external  ear  is  closed  at  it.s  inner  end 
by  a  drum,  or  tympanum,  from  which  the  train  of  small  boues 
(hammer,  anril.  and  stirrup)  transmits  the  ribrations  through 
thi- tym}i<in\im  cavity  ti}  the  liquid  fimtaini'd  in  the  laiitfrlnth. 
The  lailer  consistK  of  the  vtsiibtile,  the  umicircular  canals,  and 
the  OQchha,  or  intii?  tlidh  Id  its  bony  walls  are  two  openings 
which  tuny  Iw  clused  by  membranous  covers.  The  openings 
are  tvnued  the  rouitti  and  the  otW  windowg.  The  stirrup  is 
attached  by  means  of  its  fcK>t-pIat6  to  the  membrane  of  the 
OTal  window,  Thi>  auditory  norvt-  branches  in  the  labyrinth. 
Its  slender  termJuaU  uro  connected  iu  the  anail  shell  with  a  row 
of  yihrating  fibres.  CortCs  Jibre$.  each  of  which,  like  the  e«trd  of 
a  harp,  has  its  own  deliuile  tone  consisting  of  between  30  and 
16,0U0  vibrations.  WheneTer,  by  stimulatiDg  the  corresponding 
oerre,  one  of  these  fibres  is  set  iu  ribration,  the  simple  tune 
pectiliac  to  it  is  perceived. 
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X.  LIGHT, 


(omcs.) 

813.  ligbt — Source!  of  Light — Any  stimulation  of  the  optic 
nerve,  which  sprc&ds  uiit  as  ibo  iPtina  over  the  inner  sut' 
&ce  of  the  eye.  awakens  in  consciousness  the  gensation  of 
hrufhtneu.  This  is  niureover  true,  no  matter  what  the  nature 
of  the  DtiiDutus  may  be.  A  stroke,  or  |ire«u;uTx;,  u]>i>»  tbi>  cyc- 
Wll,  any  altorations  of  a  galvanic  current  passed  throngh  the 
eye,  and  even  the  pirenlntinn  of  the  bluod  in  the  vessels  of  the 
retina,  are  all  perceived  hy  the  eyt^  as  hrightness. 

Whenever  an  external  object  is  perceived  a  certaiti  some* 
thing  must  proceed  from  it.  penetrate  to  the  retina,  and 
stimulate  it.  This  something— this  cause  of  the  visibility  of 
objecta — is  called  light. 

Bodies  which  emit  light,  such  as  the  sun,  the  stars,  flunee. 
iucai)de»ceDt  solids,  are  (railed  idf-lumhu>xa  bodi^,  oi  soanet 
of  light. 

All  artificial  sources  are  based  iijioii  the  development  of 
light  by  the  glomttg  of  solids.  Au  ordinary  gas  Uaine  (as  also 
the  flauie  of  a  candle,  or  of  a  lacip)  owes  its  luuiinuaity  to 
liuely  divided  particles  of  carbon  ttoatinp  in  an  incandescent 
couditiou  nithiu  the  glowing  gaHuuUH  masti,  which, coining  to 
the  edge  of  the  dame,  comblue  with  the  oxygen  of  the  air,  and 
burn  to  carbonic  acid.  The  e:(istence  of  these  carbon  {lorlicles 
may  lie  easily  shown  by  holding  a  cool  body  in  the  ilame.  The 
film-like  particles  of  carbon  are  deposited  upon  its  surface  in  the 
form  of  soot.  In  Bunaen'afiam^  the  illnminating  gas  admitted 
into  the  tube  uf  the  burner  through  u  robber  pipo,  mixe>)  with  the 
air  flowing  in  behind  it>  through  a  Uteral  opening.  Tliis  flame 
cx>ataiDs,  therefore,  within  it,  the  oxygen  needed  to  consume  the 
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tfurbuu.  Tbe  carbon,  burns  then  to  gaseous  carbiinic  acid,  beluro 
it  can  be  depuftitfid  from  tbe  flame.  Tim  flame  itsett'  uuu^iHttt 
whoUy  of  flowing  gases,  vhicK  jXiSftoiis  a  far  lower  lumiuDHity 
tlian  do  ^litwiiig  suliil  particlea.  It  eniitH,  tlibiYif'uro,  a  foublu 
bluiBh-green  light,  but,  in  comtoquenco  of  mure  complete  ci>m- 
biutioD,  it  devolupa  considerably  more  beat  tban  an  onlinary 
gas  flame  and  deposits  no  w^tut. 

A  piece  of  ctilcium.  heated  to  wbite  glowing  by  an  ordinary 
gas  flam.e  itaturateii  with  oxygen,  furnishes  a  bright  white 
ligbt  {Drummowi's  calcium  liffht,  ISItti).  To  produce  this  Hght 
conveaiently,  the  (-a/c>ur»  tamp  is  used.  With  thi«  lam])  the 
flaine  plays  obliquely  upward  against  a  bar  of  oalcium  placed  on 
an  luljustablf;  .tupport,  and  held  in  front  of  the  <mrve<l  tiil>e  of  tlie 
burner.  The  latter  consists  uf  two  cuneentrio  tubes,  the  inner 
of  whieh  (;ondiictti  tbe  oxygou  from  a  gasometer  into  tbe  Hame 
of  illuniinuting  gas,  which  Hows  from  the  circular  passage 
between  the  tubes. 

The  magnmum  light  is  produced  by  biiming  magnesium. 
This  lu^tT'jiis  metal  h  drawn  along  in  the  form  of  a  ribbon 
lietween  a  piur  of  small  cylinderti  by  clockwork  into  an  appro- 
priatvly  cooKtmcted  lamp,  while  au  alfoliul  flame  is  allowed  to 
play  ugatn.it  it.  The  mugiiesiuui  biimH  to  solid  magnesium 
oxide,  at  the  same  time  emitting  a  blinding  white  light, 
accompanied  by  a  cloud  of  dense  while  amoko. 

Electrical  sources  of  light  also  depend  upon  the  glowing  uf 
wdidK.  A  carlxm  li lament,  heated  to  glowing  within  a  partially 
exhau.<>t*>d  glasM  globe  by  means  of  an  electric  current,  furnishes 
the  ijuMtuUaemt  eUeirie  ligbt,  while  the  glowiug  carbon  ]H)ints, 
l>ctwc«u  which  the  trurront  passes  in  the  form  uf  on  are, 
furnish  the  eleeine  are  lighi.  The  latter  is  the  most  brilliant 
of  all  artiltcial  sources  of  light. 

314.  Non-lominoDi  Bodiei — Diffuse  Reflection.— Nou- lumi- 
nous (dark)  bwlitti  can  be  seen  only  bocauMe  they  send  back  tbe 
light,  which  they  rcceire  from  s«*lf-Uiminona  bo«iie«,  from  their 
ruiigb  surfaces  in  all  directions  by  the  process  kuown  as  difftue 
rejection  (difliisiou  of  light).  A  b(»dy  thus  illuminated  acta 
in  turn  as  a  Hource  of  ligbt.  It  shines  with  borrowed  ligbt,  Tbe 
moon  aud  tbe  plaueta  are  the  heavenly  bodies  known  to  be  in 
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this  condititm.  Tbey,  aa  alao  the  terrestnal  objects  about  lu. 
arc  illiuainacod  by  the  aun.  The  diffused  snnlight,  given  off  by 
uIoikIr,  atmospheric  paHioles,  and  objects  on  the'stirface  of  the 
earth,  prrHlitces  not  only  the  general  brightue>«  of  the  day,  but 
it  aLtu  eorivertg  the  earth  aiiil  the  athL'r  planets  intn  shining 
biiclies.  The  tender  shimmer  of  light  riKible  over  the  feebly 
illuminated  purtiou  of  the  moon's  disk  near  the  time  of  oew 
moon,  iii  merely  the  counter-glow  of  the  eartli  illuminated  by 
th(!  8im  (earth -thine'i. 

316.  Trftjwparency.— Bodies,  siteh  as  water,  air,  glass,  ete^ 
which  trausmit  light,  are  iTalteil  iranapannt ;  when  they 
transmit  it  only  imjterfectly,  a8  is  the  c»se  with  horn,  giouod- 
glass,  etc.,  they  are  called  irandueeni,  and  wbeit  they  transmit 
no  Light  at  all,  tbey  are  wm-iran»parenty  or  opttgur.  This 
diatinctioD  is,  however,  not  based  upon  an  opposite  bchaTtonr 
of  subetanceft.  For  it  is  possible  on  the  one  hand  to  preparo 
.iheets  of  the  must  densely  opaijue  IxHlies,  i>.  the  luetats,  so 
thin  that  light  will  nhiuo  thmugh  I  hem,  while,  on  the  other 
hand,  imnHparent  bodias  become  let»  and  le«a  |iemieable  to 
light  the  thicker  thoy  bccxmio.  At  great  dopthR  in  the  sea 
almoHt  aW>luto  darknoj<8  prevailm  liecause  the  thick  layer  of 
water  above  o«n  bo  penetrated  by  only  the  palest  BbinuneT  of 
light. 

316.  Rectilinear  Propagation  of  Light—Shadows. — An  opaque 
body  is  iLlnminated  by  a  luminoiiK  jxiint  only  njion  the  side 
turned  toward  the  point.  The  other  side,  as  also  a  deBnite 
portion  of  space  behind  the  IkhIv.  culled  the  thadow,  remains  in 
darkness.  A  sharply  onttined,  circular,  dark  spot,  called  tbo 
^adcw  9pot.  is  formed  upon  a  plane  aiirfacp  plai*ed  within  the 
sbuduw.  It  may  be  readily  shown  that  any  straight  line  drawn 
from  the  lumiuomt  point  toward  a  point  of  the  shadow  spot, 
ptMes  through  the  opaque  body,  and  that  outy  those  points 
of  the  a(»t<en  receive  light  which  are  ho  situated  that  the 
straight  lines,  drawn  from  the  lominous  point  toward  them, 
pass  without  the  shadow-costing  body. 

We  uuuelude  fntm  these  facts  tliat  light  (in  a  homogeneous 
medium)  is  tnoKmitled  fmm  a  luminous  point  in  straight  lines, 
called  U^ht-rays. 
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If,  as  heretofoi-e  assumed,  tlie  guurce  be  a  {Mint,  the  sltailow 
(Fig.  289)  extenda  behind  the  Ijudr  in  the  form  of  a  diverging 
cone.  This  cone  is  limited  by  the  rars.  which  jiass  nJong 
tangent  lines  to  the  shadow-casting  Ix^dy.  Tlio  {)i)int«  of 
tangoncy  form  a  line  about  tlie  body,  aeperatingt  ho  illuminated 
from  the  unilluminated  side. 

If  the  lij^ht  pro(feed  from  a  lumiuons  body  fA,  Fi^.  'itlO), 
which  (.'uiitains  a  countless  munbei*  of  InminouH  pointfl,  to 
uudcrtituiid  the  constttntion  nf 
the  8ha<U»w,  it  is  nece&sary  to 
coiuidcT  the  shadon*  cone  of 
every  inflividiiftl  luminous  point, 
at  hns  I»e©n  indicated  in  Fig,  '^SIO,  for  two  pointn.  The  simc© 
behind  the  opa'jiie  body  (D),  which  i&  aimmou  tu  all  the  cones, 
receives  no  light,  and  i»  termed  the  lunfcra  (US).  Thw  ai«ce  \a 
bonndeil  by  another  extending  backward  in  the  form  of  a 
divergent  cone,  within  which  all  points  receive  a  portion  of  the 
luininoiifi  rays  and  are  occoidingly  partially  illuminated.  This 
latter  region  \a  designatod  the  ju-ntiui&ra.     Upon  a  phiuc  hold 
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at  mn,  jierpendiciilarly  to  the  axis  of  the  oone,  is  formetl  the 
shadon'-fipot.  Khim-u  at  tlie  side  of  the  figure.  Thix  consists  of 
a  perfectly  dark  siiol  eorrt-s ponding  to  the  nmbra,  aurronmled 
by  a  circular  court  less  intensely  dark,  and  whose  darknees 
dimiiii.shos  conliniionHly  mitwurd,  jiassing  at  the  edge  gradually 
into  full  illuminatiou.  This  L-ourt  is  the  pentow^ro.  'I'he 
tthaduw-spot  is  sharper  the  nearer  the  screen  tit  placed  to  ihe 
iitiiidow-i!a.Kling  Ixxly,  liecau-te  the  lireadlh  of  the  diffuM 
peuiimlira  lw*;ome«  less  the  nearer  the  bixly  is  appnia<'h©d.  If 
the  source  of  light.  A,  i^  greater  than  the  obfitacle.  B,  the 
{icnumbra  forma  a  cone  contracting  backward  uud  coming  to  a 
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|Ktint  at  ^.  This  i*oud)tion  oi  tluuirs  prevails  in  the  illumina- 
tion  of  the  plaoets  by  the  sun.  The  umbra  behind  the  moon 
almost  exactly  et)uals  the  railius  of  the  moon's  orbit,  and  maT. 
theretore.  when  the  moon  jiasses  between  the  sno  and  the 
earth,  as  sometimes  oocors  at  new  moon,  extend  to.  and,  ooder 
favourable  conditions,  even  beyond  the  surface  of  the  ^utb. 
For  all  places  within  the  umbna  a  complete  i>bscnratioa  of  the 
sun  is  produced  by  the  mooa  and  a  Mul  njJar  tclipse  oectixs. 
At  tho!*e  places  lyiug  within  the  [>enumbia.  a  crescent-shaped 
p<.>rtii>D  of  the  sun's  disk  remains  visible,  and  the  eclipse  is 
only  f.».niii.iL  The  umbral  shallow  vif  the  earth  exteuiis  to  a 
distance  o(  210  nulii  of  the  earth,  reaching,  therefore,  fiu 
lieyond  the  orbit  of  the  moon,  whose  mean  distance  is  only  60 
ladii  o{  the  earth.  At  the  time  of  full  in>->D.  it  may  happen 
that  the  moiju  dijts  wholly,  t-r  partially,  into  the  earth's 
shadow,  and  give  what  is  known  as  a  laiuir  rclipst. 

317.  Camera  Obteora  iPi.Tta.   1->SI>>. — If  a    small  ap^tnre 
^h\>m  I  —  o  mm.  diameter  i  is  made  in  the  shutter  o(  a  dark 

rL»'m.  an  inverts*!  ima:re  of 
external  objev'ts.  aith  all 
their  forms  and  culoars.  is 
seen  uj«'n  a  |:«|«r  scrieeii 
{'Wfl  Gi*-Q  tht  opjofite 
^i■le  Ml  the  p.riii.  The  ■_riaiD 
'■f  this  in  I  aria  ls  exj'lainei 
by  the  l'.llvwis;r  exj^ri- 
ii-ent.  A  i'tinuD?  ■-■an-ile 
I -T  an  iccaudest.-ent  electri<* 
li^ht'  :,>  pldi^r'i  in  fn-nt  •_■: 
d  '•■tvea  pr.'vi  ie>l  with  a 
sciall  aj^rtuK.  O  ■  Fhz-  '-■■'I  ■- 
w'iili?  a  while  t*per  s».'reeE  staa-is  tehia'i  it.  i>i'  the  ■.-i/uatlese 
Li:iii:-niys  emitted  in  all  ■iirectivus  by  the  i<.inr.  A.  ivr  example. 
■  •f  rhe  dame,  a  slender  conical  baii'il-.  A  i.  passes  tiip.ni^jh  the 
■.irid-.-e  and  proluces  ap>:'a  the  screen  a  sniall  bright  ^^^^t.  i.  whi'-h 
by  virtue  of  the  rectilinear  propazatii.*ti  •:■(  lisht  is  illumiiiatTr<i 
t«dT  by  the  Iia:hl  irom  A.  For  this  ^ame  reason.  Uii  -jcher 
IRXtkA  of  the  aciccn  can  teceive    liiiht  ipMn  the    pc-int    A. 
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Similorl}',  tho  point,  b^  at  the  tn|)  ul'  the  screen  in  illuminated 
only  by  tbo  lower  point,  B,  of  the  ohjeet.  And  thus  eucb  point 
of  the  object  semis  its  li;;flit  separately  to  sume  other  point  of 
the  screen,  and  by  the  cimtiniHius  aggregation  of  the  niimber- 
lesB  brif^ht  sputu,  on  imago,  ah,  is  formed,  wliich,  as  appears  from 
the  drawing,  is  invortod  and  similar  ^i  tho  object,  Aii.  The 
image  growth  larger  the  ftntbor  the  roi^eivLng  screen  is  romove<l 
&om  the  Ajiertare ;  bnt  at  the  same  time  it  grows  mnre 
indistinct,  l>ecanse  the  Kiuiit.'  fpiaiitity  nf  light  iiiiLst  then  be 
distributed  over  a  ^rtiiter  artm.  It  ia  apjiarent  that  only 
small  afiorturCH  can  produce  «ncb  iuia^irea ;  fur  they  abno  are 
able  to  ticparate  the  rays  of  light,  and  this  separation  \s  tbo 
fnndamontal  condition  to  the  formation  of  an  image.  Wide 
apertures  fail  Uf  accompliiib  this  Hepiu-atiun  because,  at  every 
[»oint  of  tbe  screen,  rays  from  many,  or  all,  points  of  the  object 
are  8iiper]HiHed.  'Hie  smaller  the  u|H)rLnre  tho  Khar|H-r,  but, 
at  tbe  name  tiuo,  tbe  less  brilliant  a  tho  inmgo. 

Since  the  numberlesB  individual  »i»i\n  of  light,  of  which  tho 
image  is  composed,  overlap  at  the  edges  and  thus  obscure  their 
outlines,  the  form  of  the  ajierture  hmi  no  influence  u|m>u  the 
image  of  tbe  whole.  Tlie  irregularly  shaped  openings  between 
tho  leavcit  of  trees  act  as  so  many  small  Hf)«rtiireK,  and  rast 
eouutJess  roimd  images  of  tho  sun  upon  tbo  shaded  ground. 
During  a  [Hirtial  solar  etdipse.  those  spots  Hbow  a  distiuc-tlv 
crescnnt  form. 

318.  Yiiaal  Ang-le. — llie  aujrle  formed  between  tbe  linen 
drawn  from  tbe  citreme  jKiints 
of  the  (ibject,  AB,  to  the  cor- 
rcsi"judiug  points  of  the  imH;re 
(Fig.  292,  ab)  formed  ujion  the 
retina  of  the  eye  by  the  object, 
in  called  the  vifval  angle.  Theae 
lines  intersect  within  the  eye 
at  the  ao-callcd  inteneeting 
jmnt.  .Vn  object  appears  larger  xu  the  eye,  the  greater  tbe 
urea  of  the  retina  covered  by  its  image.  The  appamU  size 
of  an  object,  therefore,  dc£>ends  npon  the  visual  angle  under 
which  it  ia  seen.     A  iNxly  is  seen  nnder  a  jjmaller  visual  angle. 
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and  its  apparent  size  is.  therefore,  coiraspondingly  smaller,  tbe 
farther  it  is  removM  frotu  tlie  ere,  and  two  bodies  of  UDe<[iial 
fdze  (AH  and  A'B',  Fig.  292)  appear  under  the  same  runal 
uigl«,  irhen  thotr  distaoces  fn>ai  the  eye  are  pruportional  tu 
their  diameten^  If  tho  true  size  of  an  object  is  known,  its 
distance  from  the  eye  niay  be  inferred  from  the  visual  ati^le, 
and  conversely,  when. the  distance  and  the  apjiarenl  magnitude 
are  known,  the  real  nia^itude  may  be  estimated.  Astronoraent 
use  these  simple  considerations  to  obtain  the  distance  and  size 
of  heavenly  bodies.  Kroui  suitably  made  observations,  for 
iustattce,  it  has  been  found  that  the  radios  of  the  earth  aeen 
itom  the  sun,  would  suhteiid  a  vimial  auj^le  of  only  8'3o  sec-onda 
of  aru  (this  msj^nitude  is  called  the  jmmllax  nf  the  Htm),  and 
(ram  this  value  the  distance  of  the  earth  from  the  mhi  ik  oi»a- 
pnied  to  he  23,500  times  the  earth's  radius.  After  Ihlsdistanoe 
has  become  known,  it  h  found  from  the  visual  &ii-:te  uf  32 
uinutee  under  which  tho  sun  i^:^een  from  the  earth,  that  the 
solar  diameter  is  IIU  time«as  great  as  that  of  the  earth.  Our 
judgment  from  earliest  youth  has  been  unconwinusly  [lorform- 
iiig  the  ofMsrations  which  have  led  The  astronomer  to  the 
above  results,  .whenever  we  have  estimated  by  the  eve,  the 
distance  and  size  of  terrestrial  objects.  The  risiial  angle, 
under  which  a  human  form,  or  other  object,  of  known  size 
appears^  fnrtiishes  a  criterion  for  judj^iug  of  its  di^ttance,  and 
the  known  di-itonce  enables  us  to  infer  the  real  iiixe  nf  the 
object.  Since  the  apjiarent  diameter  of  the  suu  h  uuly  :12'. 
soiaJ  rays  vjux  diverge  in  their  directions  by  no  greater  angle 
than  Ibis  (approximately  |^°),  and,  for  this  reason,  tbey  may  l>e 
reganlvd  as  practically  parallel. 

319.  Photometry. — It,  about  r  luminous  point,  a  number 
of  spherical  surfaces  be  described,  whose  radii  are  related  as 
I  ;  2  :  ;i  :  4.  etc..  each  surface,  if  aloiie.  would  intcrrept  the 
entire  quantity  of  light  emittetl  from  the  jwiul,  aud  iw  thereby 
illuminated.  Since  the  surf&ces  of  these  spheres  are  as  the 
squares  of  their  radii,  the  eame  nunilwr  of  rays  is  spieAd  out 
over  i<urfuce!i  nhich  are  twice,  three  times,  tour  limes,  etc.,  as 
far  from  the  luminous  point,  and  whosf  areas  are  accordingly 
4,  S,  16..  ■  •  times  as  great  as  that  of  the  unit  sphere.     Btiually 
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largo  portiona  of  the  surfaces  ut  2.  3,  4, . . .  times  the  diatance, 
miist  therefore  be  iUiuainated  with  \,  \,  iVi  •  •  -  the  intensit)'  at 
tbo  difit«nce  unity.  The  intensit}^  of  itlaminaticn  of  a  aurfaee 
w,  therefore,  inversely  at  the  equare  of  ila  distance  from  tJie  lumitunit 
poitU. 

This  Ian'  is  used  to  company  the  illiiminatiug  powers,  or 
himiuoiisiiileasities,  uf  two  soiireea  of  light  as  well  asto  measore 
them  in  any  arhitrarily  cboseu  unit.  Apparatus  designed  to 
be  used  for  tliia  purpose  are  called  photaiihitirs.  AH  these 
itiBtrument.4  (le[)end  upon  the  e(|iiali;^ing  of  the  luminous  iuten- 
sitiea  of  two  surfoven  lying  beside  eut-h  other  hy  the  variation 
of  the  dUtaiive  of  the  himlnous  noiinws  to  tw  eoni|iared.  This 
may  l»e  tloiio  with  groat  accaracy,  aiuco  the  eye  is  cajwhle  of 
appreciaiiug  a  diflerence  of  from  gV  to  i^s  of  the  luminous 
intensity  lii  either.  According  to  the  aboTO  law,  then,  the 
intensitios  of  the  two  iiouroe.t  are  to  each  other  ai*  tlie  stjuarss  of 
the  distances  from  the  efjiially  illuminate't  Hurfaces. 

The  photometer  of  Buuiford  (Fif^.  '29^)  is  extremely  simple- 
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F|».  293.— Bunfoid'a  PbohMneter. 

An  opaque  bar,  e,  of  about  the  thickness  of  a  lead-pencil,  stands 
just  in  front  of  a  surface  of  white  paper,  oi^.  Each  nf  the  sources 
to  Iw  compared  casta  upon  the  screen  a  shadow  (d  and  «)  of  the 
|ioet,  and  each  shadow  is  illnmitiated  liy  the  source  that  producea 
the  other.  By  displaciof;  the  source  1 0)  the  two  shadows,  which 
for  better  cumpariaou  are  brouf^ht  near  each  other,  may  he  readily 
made  equaily  bright.  The  pajier  surface  is  now  illuraiuate<l 
equally  by  both  aource-t.  By  the  principle  enunciated  above, 
the  luminous  iutciuitien  of  tliL*  tlames  must  then  he  in  the  ratio 
of  the  squares  of  their  distances  from  the  surface.    Kitchie's 
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process  was  to  iUumiuale,  wiUi  the  intensities  In  be  oomjtared, 
the  two  perpeudifular  fiu-es  i>l'  h  wocMlen  wedge,  -p  (Fig.  294), 
coTwed  with  white  paper,  the  wedge  Itfing  enrhiseil  within  a 
Uackened  chamber,  whose  two  sides  tW-iii|;  the  KUiface^  of  the 
wedfTQ  were  provided  with  opeuiugs,  oo.  By  menus  of  a  tub*,  r, 
oponinjf  throujfh  the  upper  wall  of  the  chamber,  \xAh  Bides  of 
th«  wedge  may  be  uUervetl  KiimiltaiieuuKl}',  and  by  dLtphuriui 
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the  sources  of  lij^ht,  the  surCatwn  may  be  brought  to  e^iial 
brightneas.  The  [ihot^imctur  nf  Bimseii  (Fig.  295)  is  more 
accurate  than  either  of  the  twu  ju^it  ineutioued,  and  for  technicml 
purposes  ia  the  instnimenl  now  must  extensively  used.  It 
Ltiusists  essentially  tif  a  [taper  iiieuihnuie,  in  the  centre  of  vbicb 
13  placed  a  spot  of  steari  lie.    Thi»  Hjiot  appears  bright  against 
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a  dark  gronnd,  whenerer  tjn^  membrane  is  more  intensely 
illiimiiiiatod  from  liebind,  and  dark  npuu  a  bright  ground,  when- 
ever the  front  tturfaoo  ia  the  mora  intensely  illuminated.  \Vhon 
two  sources  of  light  are  to  be  coini«ired,  the  one  is  placed  in 
front  of,  and  the  other  Inshind  the  membrane,  whereupon,  by 
!<hifliag  one  uf  the  flameei,  or  the  niembraue,  a  position  is  soon 
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found,  where  the  s[iot  of  stearins  can  no  longer  l»e  diittinf^iiiBlied 
from  the  ^oDeml  surface.  \V1ieu  tliU  ouciirs,  the  illuniiuatiou 
is  the  s&me  on  butb  aides,  and  tlm  nitiii  nf  tli«  intensities  is 
again  foiiml  by  the  same  siiujilo  croiujmtaliutis  oh  ubt>ve.  To 
avoid  the  uecessity  of  conipatation,  the  Uar  along  nhioh  the  paper 
scsreeu  slides,  and  at  the  ends  of  which  the  luminous  soureea 
are  plecoil.  way  be  so  ^raihmted  that  the  inlenRity  can  Ikj 
inim(*Jiately  read  oJVfroiu  the  [Kwitiim  of  the  mymbraiie.  Siieh 
a  }^nuliiHtiun  x^  shown  in  the  arranprement  tjf  the  Bunsen's 
phutnmoter  represented  in  V\^.  'JDS.  At  one  end  of  the 
}!;ruiluattid  bar,  oa.the  flame,  h,  is  placed,  and  is  used  as  the  unit 
trfconiimriflon  (the  normal  flame).  At  the  other  end  the  source 
to  bo  tosted,  for  example,  a  ({an  flame.  </,  is  plai*ed.  A  gas- 
moter,  e,  indicates  the  hourly  eousnmptiun  of  f^as.  A  cylindrioa] 
box,  whose  rear  wall  is  oi>ai|He,  HUdes  freely  along  the  graduated 
lur,  while  a  paper  screen  with  itx  sjiut  nf  Hteurine  is  placed  iu 
the  I'ront  wall.  A  small  Ras  Hame  burns  within  the  liox.  The 
box  is  non'  brought  to  a  point  'i\)  em.  from  the  normal  flame, 
nad  thu  small  flame  is  then  so  reflated  that  the  s]uit  turned 
towenl  the  normal  flame  disop{teiiT8,  The  l>ox,  together  with 
itM  menibrijtiie,  i.>t  turneil  towanl  the  flame,  d,  to  lie  teatoci 
and  muvod  along  the  bar  until  ihu  »i|kiI  again  vanishes.  A 
(xiiuter  rigidly  oonne<!tod  with  the  box  iudicatcs,  then,  upon  the 
liar  the  desired  intensity. 

If  the  flames  are  une^inaliy  coloured,  these  meaaures  will  be 
nnreliahle,  bei<eii.ie  the  eye  is  nut  certain  iu  \Xb  judj^ment  of  the 
ei|Uality  of  two  diiTerently  coloured  illuminations. 

The  normal  ilame  used  in  iiermany  is  that  of  a  jMUitflm 
candle  of  2  cm.  diameter,  burning  with  u  flame  50  mui.  high, 
or  the  amylaiMtato  lamp  of  Hefner  (Hefner's  lamp),  whoso  height 
of  flame  is  40  mm.  The  ratio  of  the  light  of  Uetiier'a  lamp  to 
that  of  the  normal  candle  i»  I  :  1'2.  The  luternattonal  Con- 
ference of  Klectricians  (18B4)  eslablUlied  as  unit  of  intensity 
that  of  1  »\.  cm.  of  molten  £ilatiiium  at  the  temperature  of 
Milidilicatiiin. 

Any  ouo  uf  the  photometers  just  described  may  serve  the 
converse  purpose  of  conlirming  the  above  fundamental  law 
experimen tally,  by  proving  that  four  L-andIo  flames  standing 
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close    boaido  one  auothor  produce  the  same  Ulumination  fti 
clooble  the  distauoe,  as  one  flame  does  al  the  single  distonce. 

Thtw  i»r  it  hna  been  assHme^l  that  tho  plane  surface,  MN  (Fig.  290),  to  be 
iUnminatoil,  U  ittroek  by  ibe  njn  pei]>ei«Hcularly,  or  alnoitt  m.  If,  liowvver. 
the  BorfiMe  be  tunnel  thro%-li  Ibe  aii^.  i,  ioU> 
Ibc  positii>n,  NU,  it  will  Iw  mm  by  a  beam  of  rajn 
whoBe  CTom'^ection,  UP,  is  to  the  endro  surface, 
MN.  or  MO.  an  cfw  f  :  I.  Tbe  angle,  t,  which  b 
oqnii]  letliat  botweoathedirmtioiiaaf  th«  incUeu 
rny  and  of  tJie  })crpeDilieiilar,  HQ  M  UO,  it  called 
t]i«  ineident  angJe,  or  nn^Js  ijT  tnetifeiKS.  The 
ititeiwity  of  Ulumindtion  of  obliquely  iucident  r»y» 
is  therefore  proportional  to  the  cosine  of  tbe  auyt 

320.  The  Velocity  of  Propagation  of  Li^ht  13  so  i-ery  great 
that  the  grentest  torrostial  distaucoa  by  whii-h  liffhi  signals 
cau  lje  se{jarate(l  nre  traversed  almost  instautly.  The  Dauish 
BStrauumer,  Olaf  Itoemer,  wag  (1676)  tlia  first  to  obtain  its  valoe. 
He  made  use  of  celestial  light  xiffiiaU  in  hia  determination. 
The  largest  planet  uf  tho  S(>Iar  system,  Jupiter,  is  oncirulod  by 
Ave  mouDs,  which  at  each  revolution  suffer  eelipeo  hy  passing 
into  the  shadow  cast  by  the  planet.  With  thu  second  moon  (i* 
the  one  iie.\t  to  the  nearest  t<>  .lupiier)  the  lime  Wtweeo  two 
enccessive  eeli|)!ies  is  42  hniint,  2^  tuiuute^.  3G  seconcU.  Itoemer 
found  that  wheu  thn  earth  has  reached  its  greatest  di.stanoe  from 
Jupiter,  the  eclipst;  is  seen  ]ut«r  by  I  Ij  minuter,  !tO  seconds  than 
it  should  have  occurred  according  to  oomputaticm,  if  tbe  earth 
had  remained  a(  ita  least  distance  from  Jupiter.  This  retarda> 
tion  is  merely  the  time  aiiisumed  by  the  light  emitted  by 
Jupiter's  satallile  at  the  implant  of  eclipse,  in  traversing  the 
diatanoe  eq^ual  to  the  di^erciice  betntten  the  least  and  tbe 
greatest  tlistaucee  of  the  eart  h  from  J  upitur.  Siuco  this  distauee 
equals  tbe  diameter  oi  tbe  eaith's  orbit,  i.e.  aboitt  299  million 
km.,  and  is  iravor»e'l  in  9^'!  iwcond^  "gbt  must  traverse  in 
one  sec^uud  about  300,000  km. 

Bradley  derived  the  ^me  number  fifty  years  later  from  the 
aberration,  of  light.  Suppose  the  axis,  mo  (Fig.  *2fl7),  of  a  tcle- 
KMpc.  XU,  to  be  directed  toirard  a  hoavouly  body,  e^.  a  star. 
Tbe  rays  of  light  coming  from  the  atAi  will  be  condomted  at  the 
|>oiat,  m,  into  an  imago  of  tbe  star.     If  iion-  the  a.xi8  of  the 
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telescope  muvo  pMiallel  to  itsolf  in  tho  direction,  m'ui,  porpen- 
clictilw  to  the  mcitletit  ravH,  and  at  snch  race  as  to  trarerae  tb« 
diataQce,  m'nt,  during;  tbc  timouonnunied  Ly  the  light  in  passing 
ftom  0  to  wi,  the  ray*  «f  light  etLteriog  at  any  instant  throngh 

fl,  unaltered  by  the  motion  of  

the  toleseope,  are  always  eim-  ^^  f„l 

deiised  ut  the  swJue  point,  w», 
into  a  focns.  Unt  this  point, 
which  was  i>ccupie(l  al  the 
iiutaot  ill  <)uestiun  by  the  centre  of  the  Held  of  view,  wUL  at 
the  instant  of  focoaalng  the  lijfht,  be  occupied  by  the  point, 
m',  tyin^  at  the  sidt;  of  thi>  Seld.  The  imaf^e  ut'  the  star  is 
then,  in  ronsec|ii«nce  of  the  nuitiou  uf  the  tvlesL'tifie,  seen 
at  a  [Miint  of  the  Sold,  where,  with  u  Htatiouary  instrumenl, 
innident  rays  r»)niiiig  fnim  the  direotion,  5'0/n',  would  bo  focusMd. 
By  virtue  of  this  so-i-alled  '-aberration  of  light,"  instead  of 
seeming  tu  occupy  its  true  place,  the  object  is  seen  in  the 
direction,  nie«,  and.  to  bring  its  image  to  the  centre  of  tho  tiold, 
the  axis  of  the  telct^'ope  mvisi  be  pointed  iu  this  dtreclion  by 
turning  it  throngh  tho  angle,  moa^.  A  telescope  is,  in  fact, 
always  in  motion,  Iteing  carried  aI>ont  by  tli«  earth  iu  its  annual 
jininmy  Hboiit  the  mm,  Krory  star,  therefnre,  whose  rays  strike 
the  [Mith  i>f  the  earth  ]>cr{jondicularly,  ap|iciir  displaced  in  the 
direetion  of  the  iuAtantaneoiis  motion  of  tho  earth  by  an  angle, 
HIOM^  whoco  magnitude  dcpon<lR  upon  the  ratio  of  the  diytaiice, 
m'm  to  om.  The  former  clistance  l»eing  that  travowwl  by  the 
canh,  and  the  latter  that  traversecl  by  light  during  the  same 
inierral  of  time,  the  size  of  thu  itnglc,  m«m',  may  be  said  to  be 
determined  by  the  ratio  of  tho  velocity  of  the  earth  to  that  of 
light.  This  abemUion  angle,  as  it  ia  called,  which  m  the  some 
for  all  tho  heavenly  bodies,  may  be  measured.  It  is  quite 
Hmall,  )>oing  oiUy  about  *JO-'25  8e(.*oDiU  of  arc.  But  in  a  right- 
angled  triangle,  moM.  whose  aJigle  at  o  is  HXC-'ib,  the  side,  om, 
must  be  }0,<lOO  times  as  great  as  the  side,  mm'.  Consequently, 
the  Telocity  of  light  nui.st  be  lO.lHH)  timos  as  great  as  that  of 
the  earth  in  its  orbit,  liitt  thu  earth  traverses  3U  km.  every 
second,  and  hence,  during  the  same  time,  light  muat  traverse 
SOO.tKK)  km. 
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By  a  ver>-  iiif^euitis  method,  Fuutau  (1849).  aud  later 
Comii,  measiiretl  tlie  velucity  of  light  I'roiu  terrestrial  ^oarcen. 
Tf,  through  one  of  the  spaces  uii  the  circumference  of  a  tootlieil 
wheel,  a  ray  of  light  be  let  tall  exactly  pcrpendicnlarly  u]Km  a 
mirBT  situated  at  some  tlistaoce,  this  ray  will  return  dong  the 
some  imth,  aad,  if  the  wheel  is  at  test,  it  will  pass  through  the 
tKUU'O  space,  to  the  t'ye  of  the  otwervor.  But,  if  the  wheel 
be  rotated  with  iiradimlty  iufieasiiif;  rBpidity,  a  rale  will  bi* 
reached  at  which,  during  tho  time  eumiimed  by  light  in  passinjr 
from  the  wheel  to  the  mirrur  ami  back  au^ain,  the  wheel  will  har« 
advamied  by  the  breadth  of  a  tooth,  to  that  the  riitiimin^'  ray 
(rtrikcs  the  tooth,  whivh  m>w  oooipies  tho  position  f^rmcrly 
oeuiipied  by  the  space,  ami  the  olwerrer  does  not  see  it. 
Finally,  Foucaidt  (1850),  by  a  method  to  be  explained  later, 
sm^ceeded  in  measuring  the  velocity  of  light,  even  within  the 
DODtracted  limits  of  a  single  niom. 

Kroiu  thctio  experiments  nith  torre^triAl  light,  ttj  velocity 
was  again  found  to  ha  :iUil,tH>U  kin.  In  ono  second,  therefi>re, 
a  ray  of  light  travereo»  a  distance  T'J  timex  as  great  an  the  I'it- 
eumferent-e  of  the  earth  (40.000  km.).  The  liie<l  stars  are  so 
inconceivably  remote  that,  notwithstanding  its  tremcndoiis 
velocity,  light  ooiwnnnw  years  \i\  passing  fr<»m  them  to  ua.  If 
CJiriDA  wore  extinguished  at  thiK  moment,  ne  nhoiild  see  him 
twinkling  on  for  fotirtoon  yeam,  for  it  wonld  p&tjnire  this 
interval  for  the  last  rayti,  which  have  alrcaily  l)ocii  emittetl  by 
this  lumitiar}*,  to  rea>-h  the  eye. 

321.  Law  of  Befleotioa.— Ifarayof  light.ain(Fig.2d8).fHlh> 

upon  a  mirror,  a  (thid  tenu  \» 
applied  to  vaytmooih  surface),  a 
portion  of  it  is  retle«?ted   in  a 
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Fro.  MO.— Reflection  of  Light 


definite  direction,  wb,  from  the 
surface  into  the  8jiai:e  in  tiout  of 
the  surface.  For  eonveoience 
of  reference  tu  the  dirfctions  of 
the  incldeut  {am)  and  of  the 
reHected  (mi)  rays,  a  perpen- 
dicular is  imagined  tu  be  diann 


to  the  reflecting  (plane,  or  rurvedj  snrlace  at  t  Ue  jioint.  m,  where 
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the  tDcident  my  impinges  agiiinst  it,  ami  iins  jierpetuliuiilar  is 
called  the  normal.  The  platif,  pa><!iiD};  thnnigh  tUe  incideikt 
ray  ami  tbo  lUiriUHl  (the  ]A&iw  of  thu  drawing),  and  hence 
peri>en<lk'uUir  Id  the  rcllrrtiiif^  surfiioo,  i«  <mUod  the  ^««  of 
incidence.  8iaco  it  always  ctmtuinjs  the  reaected  ray,  it  is  also 
eallod  the  pitiM  of  rcfiection.  Hie  directiyiis  of  tlie  incident 
and  reOei'led  rays  are  delerniin<>iL  l>y  the  angle  <>i  incidemw.  i, 
and  the  angle  of  ratleetioii,  r,  whitrh  the  incident  my  on  llie 
one  side  and  tlio  rcllci-led  ray  un  the  other,  make  with  the 
Qormal.  Tf^  angle  of  rejlfx:tioit  m  always  equal  lo  the  aitgle 
of  iitciiknee.  A  ray  ipm)  utrikiug  the  mirror  perpendicularly, 
is  retleeted  inu*  itaelf  (toward  mp). 

Fnim  tlii»«  law  it  fiillows  ini mediately  that  all  rays  (Fig. 
290.  am.  um', .  ■ .  )  ]iaatiing  fn)in  a  liimiuoua  point,  rt,  and 
striking  against  a  pluiio  mirror,  art- 
reflei-ted  along  straight  lines  (nib, 
m'h', .  .  .  )  as  though  they  caiue 
from  a  point,  a',  lying  hikid  the 
l^rjietidienlar,  mi',  dropjiod  from 
the  luminous  piiiit  opon  the  siir- 
I'aoe.and  sitiuLted  jnstas  far  behind 
the  reflecting  sinrfac^  as  the  lumi- 
nous point,  a,  lieij  m  front  of  it. 
An  eye,  pla<;eU  in  front  of  the 
imrn>r  (e.g.  at  {/'),  reoeivCK  the 
reflected  ray  as  though  the  point, 
a',  situated  syiimietrirally  Ut  a,  with  rcn^tcct  to  the  reflecting 
HUrfooc,  wore  it»idf  n  lumimiiLs  point.  Or.  in  other  wotUh, 
the  eye  sees  in  {i.c.  hehiiid)  the  mirn>r,  iu  the  direction  JV. 
the  point,  a',  aa  the  imago  of  the  point,  a,  situated  in  front 
uf  the  mirror.  To  every  point  of  either  a  luntinous  or  of 
nu  illuminate<l  ohjert,  there  correH]Kmda.  iu  a  similar  nmy, 
an  image  behind  the  mirrur,  and  the  sum  total  of  all  these 
purutiuU  image*  i-oustitutcs  the  ima^  of  the  olfject.  To  draw 
this  imago,  imagint-  a  i>crpcudii.-ular  to  be  dropped  from  each 
point  iif  the  object  ujnon  th.;  mirror  and  proUiuged  to  a  point 
jnst  aa  far  below  ws  the  point  in  ipiestion  tie«  altove  it-  The 
image  is,  therefore,  not  whuUr  identical,  or  congruent,  nilh  it«. 
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original  It  U  said  tu  be  iiitiiaietl  xymmttrically  tritb  respect 
to  it.  The  right  hand  shows  in  the  mirror  as  the  left,  and  the 
Iet1«»^  in  the  image  of  a  written  {Age  proceed  Jniiu  ri^ht  to 
lott  instead  <>f  Iram  l«ft  tu  ri^'ht,  as  iu  the  book  it^lf. 

One  may  readily  convince  himself  of  the  symmetry  of 
pogitions  of  image  and  objeel  by  selecting  as  mirror,  a  trans- 
parent plate  of  gla^,  tbruu^b  nliich  the  object  itself  may  be 
seen  in  the  position  formerly  occupied  by  its  image.  From 
tliia  syiniuetFy  of  ubjevt  ttnd  its  image  we  may  reason  wn- 
vereely  to  the  correctness  of  the  law  of  reflection.  Let  a 
lighted  candle  be  pieced  in  front  of  the  glass  plato  just 
meniiuued,  and  Wliind  the  plate,  at  the  posittou  uf  the  image 
found  as  above,  let  a  tiask  of  water  be  placed.  An  observer, 
standing  in  front  of  the  mirror,  theu  gets  the  impression  of  • 
candle  burning  under  the  nater  within  the  flask.  This  simple 
exi>eriment  L-:cpliiiiu  tite  apifearanceo  kiKiwn  under  the  name  of 
"  ghosts." 

322.  Applications  of  Plane  Hirrors.^Tho  hdiottat  is  an 
•ppiimtu};  for  turning  the  rays  of  the  sun  to  a  definite  (#.j/. 
horizontal)  direction  into  h  darkened  room.  It  consists  of  a 
plane  mirror,  which  may  bo  either  set  by  hand,  or  dri%'en  by 
clock-work,  ao  aa  to  follow  the  min  in  such  way  as  to  reflect 

its  rays  always  in  the  dosirett 
direction. 

The  small  pUte,  M  (Fig. 
300).  with  which  the  pointer.  A 
(alidade),  provided  with  a  vcniierr 
is  rigidly  fixed,  mores  about  the 
centre  of  a  circle  which  is  grada- 
ated  to  degrees.  Let  a  slender 
beam  of  {urallel  rays  from  the 
Sim  fall  u[)on  a  glas.'ri  prism,  whicli 
stands  upon  the  plate,  the  ray« 
being  sent  by  means  of  a  lielio- 
stat  Ihr-'Ugli  a  vertical  slit  into 
the  room.  The  rays  reflecteil 
fTom  the  front  surfaee  of  the  prism  wit)  produce,  upon 
a  screen,  8,  a  bright  rertical  streak,  whose  position  may  be 
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deaignRtcd  liy  u  mark.  If  uow  the  alidade,  anil  witli  it  the 
prUoi,  be  turiioil  iiatil  a  Kocond  twrfare  of  the  prison  reilouls  th« 
rays  in  the  same  Uirccliou,  MJS,  i.*.  until  tlio  brijjbt  streafc  is 
agaiu  exactly  iit  the  mark,  the  soctmd  surt'aco  must  then  bare 
precisely  the  same  position  as  the  first  had  formerly.  If  the 
aecoud   siirfucc  was    |«irftllcl    to   the   first,  Ihe   aliilacle  would 

»  obviously  have  ti)  bo  turned  through  li^U''  tu  briug  the  streak 
again  to  the  mark.  But,  if  the  sec^ond  Hurroco  fotms  the  angle, 
M,  with  the  first,  the  coincidence  of  streak  and  umrk  iti  reached 
by  a  rotatiuu  of  (ISU  —  u)  degrees.  To  determine  the  augle,  a, 
I  between  the  two  nurfaees,  it  is  necessary  only  to  auLlra^t  tlie 
aJigiilar  rotation  of  tiie  alidade  from  ISO  .  Instruments  con- 
^liucteil  un  tbi»  jiriuciplo  an;  iis<;d  for  the  m^urate  nieaauro* 
»nt  of  the  surface-angles  of  prisms  and  crystals,  and  bt© 
'■^alle<i  rejlecti3iij  ganiomelerg  (\VolIast<ju,  1800). 

When  tL«  piano  of  the  iiiirKir  is  tunmd  through  any 
arbitrary  angle,  the  reflected  ray  is  at  the  ttame  time  tnmed 
through  tutce  the  angle  (ooh/.  Figs.  VM,  302). 

The  a|>plication  of  plane  mirrors  to  the  meaJiuroraent  of 
small  angles  of  rotation  (Puggendorf.  1S27).  as  also  that  of 
Jolly's  rotlectcd  scale,  bare  been  mentioned  aho\-o  (100, 104, 
and  Ua). 

323.  Inclined  Mirrors. — Since  the  rays  reflected  from  the 
image  behind  the  mirri»r  ptticL'&I  from  it  precisely  as  though  a 
real  object  were  situateil  there,  the  image,  when  placed  Iwfore  a 
second  mirror,  may  play  the  ri-ie  of  an  object.  By  using  two 
mirrors  with  reflecting  surfaces  turned  toward  each  other,  there 
will  bo  formed,  in  addition  to  the  two  direct  images  (of  the 
limt  order),  others  of  the  socond,  third,  and  higher  orders, 
which,  from  Iosk  of  light  due  to  repeated  reflection.s,  l>Cfome 
gnulnally  less  brilliant.  If,  for  illustration,  a  lighted  eandle,  «. 
is  placed  between  two  parallel  reflecting  surfaoett,  there  mill 
be  seen  in  each  mirror  an  indehnite  scried  of  candle  flames, 
which  np|ieai-  to  fade  out  gradually  with  increasing  distance 
from  the  candle.  The  number  of  these  images  is  limite^l  when 
the  mirrors  fonn  an  angle  with  each  other  (indined  mirror*. 
Fig.  301).  The  mirrors,  MS  and  UN.  furnish  the  images,  B 
and  B^  of  the  tirst  onler  of  the  object.  A,  situated  between 
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Fm.  301.— lELcUned  Minor*. 


ihom.  The  image.  It,  behind  the  Gmt  luimn-  seu^^H  its  rays  tu 
the  second  mirror,  which  formH  an  tnuige  uf  the  second  unler, 
C,  aiid  in  the  same  way  the  first  iniiror  fr>nn.s  mi  imago,  Ci,  of 
tbo  image  I!,.  But  nilh  the  aii|;lb  of  7'^  ropre^scnted  in  the 
(IranTug,  no  further  iniajres  are  possible.    An  eye  at  O,  botireen 

the  inirron),  seen  the  iinagefi 
and  the  objyi*t  arranged  regu- 
larly u]M>n  a  eircumfereni^e 
descrilted  B.bout  the  ([wint  i4 
iuten^itiun  of  the  mimira,  and 
il^^t  ateachettf^ular  interral.eqnalto 
the  aja,«le  between  the  mirrors, 
an  image  is  furmed.  The  eye 
at  O  sees,  therefore,  the  object 
re[)ei)ted  as  many  timen  as  thin 
anj^le  is  ooutained  in  3G<)\ 
L'pon  this  regular  arrangement 
of  the  images  of  angular  rairroTs  doiwndstho  beautiful  ofleets  uf 
the  kaleidoscope  (JJren"8ter,  1817).  This  coDitisIji  of  two  long 
reflecting  strifB.  inclined  tu  each  other  at  an  angle  of  tiO',  the 
Mrips  being  inserted  within  a  blackened  tulte.  At  one  end  of 
the  tube  is  a  »maU  hole  for  viewing,  while  at  the  other, 
botweeu  two  plates  of  glaiw,  the  outer  of  whioh  ia  rcnderwl 
traoaluL-eut  by  griadiug,  is  put  a  number  i»f  culoured  fragmeuts 
of  glass,  bits  of  feather,  x))rig>i  u(  moss,  small  seeds,  etc.  Look* 
ing  through  the  small  view  a])ertuTe.  the  eye  sees  six  images 
of  eairh  of  these  objei^ts  blended  together  in  the  form  of  a  aix- 
|>ointed  star.  On  shaking  the  tube  these  images  readjust  them- 
selves and  ofl'er  to  the  eye  an  inexhauhiible  scries  of  highly 
ontanicnlal  figures. 

3H.  Tha  textut. — Id  Fig.  Wi,  let  A  ami  U  U-  two  mdiaII  plane  mtrnini 
witli  their  rcllitciiiij;  surfacos  fecitii;  e«ch  othrr.  IaiI  Lmul  R  denote  tlto 
IKi-ilioDK  of  iwo  ulncclK.  the  formw  of  whieli  in  vwihie  to  nil  tyn  at  0,  OVCT  tlw 
iiilrtiiT,  H,  in  Uie  dirvction  Ull  Tli<*  mirrur.  A,  tuay  tie  given  uch  a  [NMitioti, 
tbot  tba  Iklit  coining  frviii  li,  nClvt  two  reflections,  uiav  reach  llie  »n  olotif 
the  path,  RABO,  so  that  IwUi  obj«cta  viU  be  bm'ii  in  tlu>  tmtae  direi-tion.  OB; 
Ui«  one  (lirectl)',  aiul  tha  otlicr  bj-  reOwtiaii.  I'rom  Lti«  law  or  rtliection  it 
ftiUowv  tliAt  the  an^o^  LOR  =  a.  includi'*!  iH^tmun  ihc  litics  of  nglit  lowanl 
L  anil  11,  it  twico  as  Uu^  as  tlir  nii^lo  A(;it  =  ff.  I>«rtm-cii  the  plaoea  of  tliu 
■unvn.     If  Uiu  iiurmnl*  AHnml  ItH  ba  su|i]Ki«eil  iItuwii,  which  intenect  la  li 
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at  tlie  angle  ft  ami  if  «  siid  «  deuoi«  iho  inci(l4.>ril  angles  of  tlic  rayv,  RA  oixl 
All,  ujioti  the  iiiirrur*,  A  nml  R,  it  fi>lloini  from  the  rcktioiis  of  toe  triiingk'. 
ABD,  that  «  =  »-!+,  nml  from  the  Irianijle,  AOtt,  iliat  •  =  2*  -  2+,  whotioe 
«  =  2£.  To  measure  tlie  iiiik1»;.  fl,  ilio  mirn)f.  A.  i«  mado  moMiblo  olxrat  tbo 
oiiitn:  of  a  graduatcil  arc,  UN,  iiiid  uomieu'Ieil  wilti  wi  unn  (alidndfl)  AZ,  cany- 
■n^  u  jjointcr  bIiovc  iIic  gradiia- 
tiociH.  The  mirror.  li.  is  flx«ii 
ii|Hiu  the  iiluiw  of  tlid  ciirle  and 
jutraliel  to  the  radiuK,  AAI,  paw- 
ing dirougli  iliti  xtiro  of  lliu 
smdufltion.  Looking  now  along 
tLe  direction,  OL,  tbrougli  a 
uteacope  attaohed  to  tho  iiiatni- 
iDSDl  toward  lh«  object.  L.  nnfl 
at  tbe  wuuu  tiiiK^  tiimitig  ihi> 
alidade,  togctlier  uiilitlicmlrr<ir, 
A,  tba  image  of  It  will  iiii|ii'>ir  at 
length  in  thta  uuiie  din-ctloii. 
When  both  images  are  mailo  to 
coindd«,  dmiblv  ilic  vnlne  of  ilio 
angle  inilioitL'd  ky  tho  alidade 
giyeii  Iniintidinitily  tliu  mj^v,  a. 
Tliii  InjEcniouit  MiMtniiMiit,  in- 
vented lay  Newton,  and  first  conntrueted  by  It&dley  (1731),  ifi  called  tlic 
tetiani,  because  to  ini[!A>-iiro  nnglea  up  to  \2SP,  tlte  KK.  3IN,  must  e<]U8l  \  of 
a  circle  {i^.  a  §extunt).  Tli«  chief  distitigiiiehiiig  char««eristif  of  the  sextant 
as  an  inatniment  for  nngidor  meamiT«iDflDt  is  that  it  doos  not  re4]iure  a 
Hztd  nonntini;,  but  niaj  W  livid  fruely  iu  tbe  hand  duiing  meajnircment  For 
llila  roMon  it  is  tlte  only  uiwful  apiMuatua  for  niMmring  at  ona  the  angles  from 
orUeh  the  MwTarcr  detvrniiiivB  the  gvognphical  longitude  end  latitude  of 
hia  Tcaaol. 


Pm.  3(>2.— Principle  of  th«  Sextant. 


3SS.  SpherioAl  Hirrori. — A  spliericat  ithell.  polished  onnU 
inm-r  snrfai^e,  fnnns  h  concave  mirror.  The  «rentro  of  tbe 
sphuiro,  «if  wliiirh  the  shell  is  a  part,  is  ralleU  the  eenire  of  curva- 
ture, and  liues  dran-n  Thrciuf*h  this  jwint  are  uo-Hod  axes  of  tbe 
mirror.  Tbiit  parti'?iilar  axi^  nhicli  juuLses  t)miii|^h  the  louost 
point,  or  vertex  (O,  Fig.  3ti;)),  of  the  r<itir«v«  surface  is  ilesig- 
iiated  the  jnineipal  aaig,  or  (Ltis,  Bimply.  The  angle,  ilCM', 
itifliideil  between  the  lines  drawn  fnmi  the  r-oiitru  of  ciirrsture 
tu  two  diAmetricfilly  opposite  points  of  the  ]icrimotcr  of  the 
mirror,  ia  called  the  optnin^,  or  aperture,  of  tbe  mirror. 

A  raV)  pastting  nlung  an  axis  (an  axiai  my),  meets  the  sur» 
face  por|)oii(llcularly  to  the  mirror,  and  is  therefore  reflertoil 
into  itself.  If  a  \vam  of  imralhd  solar  rays  (Fig.  IW.\)  fidls 
Qpoti  a  rmicave  mirTt>r  of  anutll  ujioning,  luid  at  a  stiutll  angle 
with  the  principle  axis,  the  niys  will  ho  reflected  in  the  form  of 
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a  cone,  whose  vertex,  F,  lies  in  front  of  the  mirror,  opon  the 
axis  parallel  t»»  the  incident  rays.  This  pwinl,  F,  throujiih 
which  all  inoiilont  rays  jmnillol  with  hh  axi«  pass  after  reHeo^ 
lion,  is  railed  the  focuM  nf  the  eorre.'iponrling  Rxia,  thnl  lyiiij- 
upon    the    priacipal    axiii    l>eing   mlleil    the    principal  /ocu». 

Wlieii  caughl  iipim  a  piecp  nf  n^hil« 
]Hiper  the  principal  focns  apjM>arsiL<i  ■ 
white  siiJDt  i>f  Minding  brighlnos*. 
until,  at  lfugth,the  paper  oatohes  fire 
under  the  {jowerfui  theruml  efTeet  of 
thp  condense*!  rays,  then?by  ehow- 
ing  that  the  name  f<^)cus,  meauiug 
"  Imrning-pnint,"  ta  well  chnsen.  From  this  efl'ert,  the  concave 
niin»r  is  stimetimos  c.n\\&\  al.'^i»  tlie  hurnin;j  min-or.  The  focu* 
lies  upon  the  axis,  exactly  inid^iity  between  the  mirror  ami  its 
centre  of  cun-Btare,  or  the  /oeat  distanee  is  exactly  one-half  the 
railiusof  curvature.  All  the  foci  lie  u|K)n  a  surface  porjjen- 
diculai'  to  thf  ])riuci[uil  axis,  which,  when  the  angle  of  incidence 
ia  small,  may  be  reganlcil  ns  u  plane,  and  be  t«miot)  the  focat 
plane. 

Rays  which  do  not  jioss  through  the  centre  of  corvatuie 
(Fig.  3Q3,  C)  Rtrilce  obliquely  against  the  surface  of  tho  mirror, 
and  are  reflected  wi  that  the  iinriual,  erei-t<>d  at  the  point  nf 
incidoQiw  to  tho  ttarfacf,  furmo  K*iim\  aitglo-i  nith  the  incident 
and  rofleeltid  rays.  The  normal  is  uvi^ni-where  the  nuliiis  drawn 
from  the  centre  of  curvntnre  to  the  point  of  iucidonoe,  i,e. 
the  normal  is  nmre  innline<l  to  the  axis,  the  farther  the  poioi 
at  which  it  is  drawn  lies  from  the  axis.  Therefore,  any  ray 
parallel  to  the  axis  nniRt  be  lieul  toward  the  axis  from  iiA 
original  direction  bya  grcut6raiuount,th<'  farther  fnni  the  axh 
it  strikes  the  mirror.  It  is  thus  apjiaxout  that  all  the  raytt 
striking  the  mirror  parallel  to  the  axi3  mnst  pass,  after  rct1e«- 
tion,  through  th*'  same  jkhui.  If.  at  the  finiUR,  F,  a  source  of 
light  is  placed,  its  rays  will  lie  ri'ttet'ttxl  in  directions  parallel 
tu  tlie  axis,  !:inee  they  iinisl  traveiae  the  same  [>ath  as  before, 
but  in  the  opposite  directinn.  If  a  beam  of  rays  ln>iu  a  lumi- 
Qooa  point,  a  I. Fig.  304).  lying  betweeu  the  focus,  F,  and  the 
oeDtTe.C,  fall  U|k>d  the  mirror,  the  individaal  rays  impinge  lc«a 
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obliquely  Hgaiiist  tlhe  mirror  thau  would  be  tlie  case  if  they 
caote  from  the  fociis,  and  will,  conse(|UeDtl}',  be  turned  from  tlio 
^uia  leas  stmngly  after  retlection.  They  wilt  proceed,  therefore, 
the  mirror  obliquely  t<>  the  axis,  cutting  it  at  u  poiut 
beyond  the  centre. C.  Since  their  dofleetion  is  greater  the  farther 
the  point  of  incidence  lies  from  the  axis,  ihey  will  intersect 
at  the  point,  A,  calleti  the  image  of  the  point,  a.  If  a  luniiiioUK 
|)oint  is  ptiLced  at  A,  its  rays,  passing  along  the  same  juth  in 
the  oppowte  direction,  will  meet  at  the  point,  a.  The  jmints  A 
fkad  a  conespond,  therefore,  iu  a  certain  sense,  so  that  eadi  is 
the  image  of  the  other,  and  is  oatled  its  conjugate  point.    The 
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Pifl*.  301,  305— Cfrajngkto  Fointa. 

focus  has  its  ctinjiigate  point  upon  the  axis  and  at  an  infinite 
distance,  while  the  centre  of  curvature  is  self-conjugate. 

When  the  luminous  point  (Fig.  305,  A)  lies  nearer  the  mirror 
thati  at  th(?  focut  distance,  the  strongly  divergent  pencil  can  no 
longer  be  brought  ti)  u  fociu  at  a  point  in  front  uf  the  mim>r. 
The  reflected  rays  pass  away  from  the  mirror  as  though  they 
hat!  been  emitted  from  a  point,  a,  behind  the  minwr.  Con- 
versely, since  rays  dirocte<l  toward  the  point,  <i,  behind  the 
mirror  are  gathereil  together  at  the  |Kiini,  A,  in  front  of  the 
mirror,  thn  jxtintti.  A  and  a,  are  in  this  case  also  to  be  con- 
sidered as  crmjugate. 

It  may  then  ho  said,  generally,  that  all  rayn  which,  coming 
from  a  point,  or  being  rlirected  toward  a  point  (homoMtUric), 
impinge  against  a  spherical  mirror  at  small  angles  of  incidence, 
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pass  after  reflection  again  throiigb  a  single  p«iiut  (»'.«.  pitlier 
the  raya  themselves,  or  their  prcilongations),  nliich  lies  u|>ou  tbo 
axis  corrospondinf^to  the  first  point.  Uomocmtlric  rajs  lemain, 
therefore,  homoeenirie  al'ler  rL-floirtioii. 

To  flmi  by  construction  the  |>oiijt,  i.wmjngate  to  the  lumi- 
nous point,  U  { Pig,  liOtJf,  only  two  of  the  reilecled  rays  need  be 
tlrawn,  and  thcau  nisv  ^>^  ^'^  Hflerted  as  to  be  most  convenient. 


Pio.  3ll€,— C«i\jiieAt«  Pointo  »a<l  I'lutct. 

Fur  where  these  two  rays  interaeet,  all  others  must  meet.  For 
example,  as  in  Fig.  :\(\h.  the  axial  ray,  llC.  which  returns  into 
itwdf.  and  the  luy.  UFM,  which  is  reflected  parallel  to  the 
princiijal  axis  toward  .M6,  may  be  mnet  conveniently  used.  If 
plftncfl  be  passed  through  the  points,  B  and  b,  perpendicolatly 
lu  the  jtrincipal  axis  mecitiuj^  it  iu  A  and  a,  X  and  a  are  also 
coujagato  points,  Ixjcause.  by  reB»»n  of  the  small  HOgle,  ACB, 
the  distance,  AO,  does  not  appret-iably  differ  from  Bo,  and 
aO  dilTers  but  little  from  bo.  These  planes  are  also  said  te 
be  oor^^ate 

Since,  to  every  point  of  A  Imoinous,  i^r  of  an  illumioaled 


Via.  307.— I'ofintiLioii  offt  Kml  ImBgc. 

object,  lying  in  front  of  a  concave  mirror,  corresponds  an  imago 
lying  in  the  conjugate  plane  njxin  the  cfirresponding  axis,  tBeic 
flrigog  out  of  the  comhinalitm  of  all  the  elumeiilfLry  punctual 
imaga'',  an  iina^e  of  the  iibjeet.  If  a»  object.  Alt  ( Fig.  307),  ts 
eitiialed  lietwcc-n  tlie  fociw.  F.  and  the  centre  of  curvatuni,  C, 
the  image  of  the  jHtint.  H,  lies  upon  the  axis,  130,  at  h,  and  that  of 
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tlie  point.  A,n])on  the  {uiH,AC, at  a^uud  sufurtli.  Xwinvnied, 
magnijied  image,  ah,  is.  therefore,  produced  heifond  C.  U  ab 
ilbsiH-tiHlo  an  object  tiituatHtl  I'artlier  fnnu  the  inirpur  lliaii  twiee 
(he  ivcB\  distance,  it  wuiild  ;;ive  rise  to  aii  inverted,  minified  image 
at  I,  nyoa  the  aiis.  AH.  hettoeen  the  focug,  F,  and  the  o«utre,  C. 
Ttisajipareutfri-'iu  the  drawing  (Fig.  ."JOCl.thiit  image  nud  otiiect 
nre  similar— this  is  Hi^en  fruiti  the  similarity  uf  the  triaugles, 
ABC  and  ahC—and  that  their  magaitudea  are  to  each  other 
|j^Uieir  fliwlanres  fnirii  the  mirrnr.  siiion  tlie  trianglei*,  AOII.  and 
flOl,  are  Kiinilar.  Image  and  ohJHc-t  miive  in  it]>[itisite  direct  tuns. 
If  the  tibject  is  moved  frum  the  fopuii  tt)ward  the  centre  of 
curvature, Cits  inverterl  aud  magnified  image  ft]i|iri>aches  fnmi 
an  iutiitite  distance  t;^>wanl  C  At  twice  the  f<><-al  dit^lant-e 
from  the  mirror,  imafje  and  object  exactly  coincide.  If  the 
itbjoct  continuea  to  move  beyoiKl  C,  its  inverted  and  minified 
image  ajiitroftches  the  focus.  The  iiuagt'  uf  au  iuliiiilLdy  remote 
object,  e.ij.  of  the  sun,  or  other  heavenly  biHly.  iit  fonueil  at  tha 
fiicua  itself. 

These  ituugCK  differ  very  matorially  rnmi  thuae  formed  by 
plane  mirrora.  They  aiiso  by  the  rtal  eonden$ing,  or  ecUeetinf 
of  the  rays  emitteil  by  eocii  point  of  the  object  in&>  a  einft'e 
point  fie/ore  tlia  mirrdr.  Su'di  an  imngo  may,  thereforp,  l» 
i-aught  upou  H  screen,  and  it  is  vi.tib1e  from  all  dire<MioiL4. 
Images  of  this  sort  are  for  this  reason  called  rml  imaijrg.  Images 
due  i*>  plane  mirrors,  oa  the  other  hand,  are  pnxluccvl  by  rays 
which  diverge  after  reflection  in  such  way  as  to  ap{>ear  to 
emanate  frum  a  ]M»iut  behind  the  retlecting  !>nrfaee-  Such 
iiuagus  are  seen  uidy  when  those  perlicnlar  rays  enter  the  eye. 
They  are  therefore  appareut.  ur  rirtual  image*.  Real  Images 
are  vimblo  upon  a  screen  whenever  the  ere  i.s  hruuglit  into  the 
|iath  uf  the  rays  eiuitt'Od  by  the  image  after  its  formation  from 
the  points  (Fig.  3M7  at  h).  The  image  ap])eAr»  to  fioai  in  the 
air  before  the  mim)r. 

Kesl  images  are  pnidiieetl  by  a  eoucave  mirror,  whenever 
the  nbjecta  are  farther  I'rtjm  it  tliau  the  f(H-al  di!(tani%.  Fn^n 
an  object  nearer  than  this  to  the  mirror  (Fig.  30i<.  AB)  the 
liirergent  [icmdl  of  rays  can  form  ouly  a  rirtual  image,  ab. 
To  on  eye  looking  into  the  mirror  the  imacre  appears  erect, 
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hA.\nd  the  mirn>r,  and  larger  than  the  object.  The  Hgure 
ghowH  the  ])ath  of  the  raj^  iu  this  case.  Ou  oocoQDt  of  this 
mai^iifyins  effwt.  («)ncavB  mirrow  are  sometinies  callc'l 
maynifiiing  mirrors,  axiH  ftje  exteusively  U3e<-1  fur  tuLlet  purposes. 
A  ephericul  surface  pulUhed  od  its  convex  side  forms  a  convex 


Fte.  30S.— Fonnatlon  ft  &  Virtaal  Iniag«. 

mirror.  Since  a  convex  mJrrur  reflects  the  rnya  from  a  poifit 
(Fig,  309,  B)  into  a  more  rapidly  divergent  peuoil  than  before, 
the  rel1ecte<1  rays  prerliicerl  LwlcMard  will  a^ain  appear  to 
ieauo  from  the  p»int,  h.  Such  u  mirror  produces  a  virtual 
imago,  aby  of  the  object,  AB.  This  imaj^  is  seen  ereci  and 
heiand  the  mirror,  t^ince  the  image  is  olwayti  smaller  than  the 
object,  ccnvoi    mirrors    are    sometimes  ivlled   viinifien,  or 

reduomrs,  and,  nn  aceoiml  of  (heir 
diminutive  sizeH,  thev  ara  ex- 
teasivoly  used  as  pocket  mirrors, 
Itays  tnlliuj^  u{k)ii  nuch  a  mirror. 
parallel  to  an  a.\is,  \te^  back  fn»s 
it  as  though  ihey  eraanato'l  from 
n  point,  H.t  a  distance  of  one  half 
tbe  rodiiiH  behind  tliu  mirror.  'I*hi>t  point  i«  called  the  virtual 
/oeuSf  and  it  plays  the  same  part  in  con-structing  the  ima^ree 
geometrically  as  does  tbe  real  focus  of  the  concave  mirror 
{Fig.  303). 

The  |)ositiou  of  Ae  eoiy Ogata  points  may  be  caidly  found  bv  CAmputiUioo. 
Any  wlutnuy  ray,  u  AM  Vim  A  (Kig.  310),  which  tnakes  tbe  ftn^-ie,  «,  with 
tba  CtirroniKiiiding  asis,  fa  reflfi-ti^d  at  th;^  point,  M,  eo  tli*t  tlu'  Aiij{l«a  of 
fnc{d«ac«  mill  rvllvction  are  equal  (botli«i;]iial  J).  Suppose  lhi>  roliwtwl  ray  (« 
«ul  the  Axis  ill  the  jioint,  U.  al  the  angle,  0.  IT  tho  onglo  formci^  t>y  the  axis  and 
the  nomiA]  dravm  from C  to  M  be  d<«i(;Dat«4  by  >,  it  is  evi<l»nt  that  fi  mimIb 
•)-  +  <,  ud  a  =  y  —  a,    Addlag  tbe«e  «qiuliona,  w«  hnro  ■  +  fl  =  "J-y.     [T  all 


Pio.  SOO.— Foramtion  of  n  TirtaaJ 
Inmce  witb  a  Convex  Hiirwr. 
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jjlea  arc  taken  small,  tho  ptrniendlculAT.  M-J  =  *,  dropped  from  M  nixiii 
the  axis,  differs  inapproeinbly  from  tliP  are.  MO.  If  liiu  nuliiia  of  tlie  npliere  hn 
dosigaatod  by  r.  tlio  ilistaiioo  «f  the  lurainoaa  point,  OA  (wlilcli,  liy  re-Moii  of 
the  small  siw  of  the  angle,  iH»lmo»te<nial  lo  d A  nud  MA)  liy  o,  th«  diataoca 
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Tio.  SICJ.  —  Detennlnatton  uf  tho  poxltioB  of  Ceojogoto  Poiuta. 

of  thv  iioago.  OD  (ncivily  g^noU  tfl)  and  MD)  br  Jt,  re^fftrdiag  Mrf  =  J^  aa  a 
vmnLl  urc,  tiL-lungiog  iiuocaiaivQl.v  to  thu  radii,  a,  «,  r,  ' 
U>cn  be  tliun  exfireaaed — 


the  aui;)a»,  a,  A,  v,  maj 


.  =  -,fl  =  ^,t  =  - 


The  aboTo  Muatioo,   «  +  0  =  2r  beconree,  when  we  uibatHnta  these 

voIuQi  in  it,  -  +  r  =  — .  or  dividing  oiit  the  cotamon  ftKtor  k — 
VL       b        t 

a^b      r 

rtlu  ny.  AM,  is  pamltcl  to  the  axi)i,  ^  if  A  Is  el  an  iiiftnttt  ditUOOB 

(m  B  ae},  -  =  0,  r  =  2*-,  or  A  =  ^,  i.a  the  oondensing  point  of  the  inddent 

ntys  LiAral  lot  to  the  axis  it  At  n  OiHauce  of  hnlf  tlio  mdiuii  from  the  niirror,  or 
tlic    loaii  diotanei),  /,    lAquali   b&lf  the  nLdini^     If  then,    in  tho  foregoing 

eqtntioD,  we  pui  Jr  =  /,  it  bccomce  -  +  -,  =  ^. 

Tbo  circQin»lAiicc-  that  k  (thu  oiily  niimrtiltinlc  Eii  the  e(|iui(iourafefTiiig  to  tfw 
point  Hriiiciilt-Tii:ij,M)ru11n  iiiit<irilii-<x]iiutiijii,  inn  ntatheniaQcd  npreaentativa 
of  the  [iritjciplo  tbatall  rayn  emitted  frnui  a  puint,  whoroaoorer  they  sttike  Iho 
mirror,  meet  itffua  in  one  and  the  same  polnL 

We  notice,  furthemtore,  that  tba  equalina  is  in  no  wise  altered  by  inter- 
cbaiiging  a  (distanco  to  the  object),  ■nd  b  (di«unco  to  the  bnage),  or  thai  die 
luaiiiioufl  point  and  its  imago  may  be  mutually  interchanged. 

Tlie  eqmtiun  which  wiw  durivrd  Kpecially  for  voncnve  inlrTors,  holda 
moreover  lor  convex  mirroin,  by  mereiy  rpj^anling  tUu  rirtual  foail  distAiicu  an 
Mgntifi,  i^  by  iieuinti  -  /  in  place  nff. 

AVlmt  haa  Ijeen  lhii>  far  said  of  apberical  raiirora,  holds,  however,  ocdy 
wheu  the  a[N>rture  n  ttnmll,  ind  the  incident  rays  form  soiall  angles  witii  the 
Hxi«.  Witb  coni'ave  mirrani  of  urtder  aperture,  the  ran  parallel  to  the  axta 
Mui  slrikiog  near  die  edge  are  turned  toward  a  point  of  Im  axis  tying  nearer 
the  DLirror  ilinn  the  focus  fur  thu  raysiminDging  at  point*  nearer  to  tbaoontre. 
^nie  Tuyv  reflected  from  tlie  varioiu  [Mimt«  of  ihe  «urf»c«  do  not,  tlienifoni, 
coalacce  into  a  single  point,  but  the  nnmeroiu  poiiita  of  Inienection  fom  a 
oontinaoiu  niTfaca,  called  the  rawUie  Mti/oM.  The  Inlerseetion  of  sueh  a 
surface  dirough  Uieaxii  forms  a  fauttu  line,f>tmuMtU,  «nipl^.  Tootute  the 
peripheral  with  the  central  ran  into  n  mnj:;!e  point,  (he  cpbennal  mirror  tntiBt 
be  replaced  by  one  of  parabolic  farm.    This  impoifectioD  wludi  prevenb  tiie 
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IbninlltRi  of  »ti&rp  iinagee.  tit  cbIIo)  "  Uie  aberration  due  to  spliorictti  fono." 
or  $pkrrieai  abemttim. 

3S6.  Befraction — Total  lUftectiQa. — [f  a  slumlur  tHiuu  itt 
light  (AM)i.H  ttiriiwn  by  a  snmW  niirrnr  (^Fij;.  lill)  u]Km  tboinir- 
I'nco  of  water  contained  in  a  •class  trough,  a  purtioD  of  the  incident 
beam  is  bout  acotirding  to  the  law  of  reflation  toward  MX. 

whili>  another  portion,  MP, 
passes  int<i  the  water.  Tbe 
portion  of  the  beam  beneath 
Ihu  surfuco  dues  not  form  a 
direct  continuation  of  thai 
above.  ()u  the  contrary,  the 
lower  |»»»rtion  of  the  beam  is 
lient  itlmiptly  downuard  at  the 
Murface.  Sim-c  Ibi*  ray  under- 
goes a  hreakiatj,  or  refi-aeiion, 
the  pbvmitueuoD  i^  designated 
K.O.  3n.-R,r„cli-«..  y^.  ^(j^  i^jtpr  term.     The  devi- 

ation  of  the  refracto<i  boam  from  tlie  dircietHjn  r»f  the  incident 
beam,  iliminishes  aa  the  latter  is  turned  into  a  more  nearly 
perpendimilar  [Kisition  by  projierly  nttating  the  mirror,  A.  Jfo 
change  of  direction  occurs  when  the  inriilpnl  my  is  [lerpen* 
diciilnr  to  the  Kurfoco  of  the  nater.  the  incident  and  rt*fnuTted 
luVB  in  this  cjiso  forming  a  continuous  straight  line.  If  the 
Iwam  within  the  vater  impinges  perppmlieulHrly  u^xm  a  Rmoll 
tnirroT,  B,  beneath  the  ^irfa<.*r,  it  retunut  by  the  saiue  path, 
BMA.  in  pure  air  and  in  pure  nater, 
tbo  beam  in  invisible.  Jt  becomes  per- 
oeptible.  however,  when  particles  of  smoke 
and  dust  are  tmxe«l  with  the  air  and  tlie 
liquid.  If  a  Bmal)  ((uantity  of  eostn  (a 
flnoreiieent  tiub»>tanro)  bo  dissolved  in 
water,  the  retracted  ray  shines  with  a 
greenish  light. 

To  sjiecify  the  path  of  the    incident 

(am,  fc'ig.  31'2|  ami  of  the  refracted  ray* 

(nA),  imagine  a  perjiendicular,   roe,  oreetod  at   tho  point  of 

incidence,    m,  and   continued    into    the    water    (lon'aid   mi). 
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This  })erji4>n(1i(>iilar  is  usually  tenneil  the  norma/.  It  is 
rea<lily  men  that  the  pUiie  pDHtAiiiiit^  the  incident  ray  and 
tho  normal  (the  [iliuio  ol'  tlio  ilruwing),  cuntniiu  also  the 
rofniotcil  r»y.  This  gilanu  is,  ttiorefftrw,  eallud  tho  jilana  of 
refractiotK  The  dirootioiut  of  the  naya  aro  dotormined  by  the 
angler*  which  thoy  form  with  tho  normal,  viz.  by  tho  an^le  of 
ineid^nre,  i,  niid  tlie  angfp  of  rp/raetion,  r.  To  every  angle  «f 
iu(ddaiice  cnrrp'ipijnds  a  definito  angle  of  refraction.  The 
following  table  of  correspondiag  ftuglee  may  be  reritiefl  by 
measiirement — 

AhkIu  of  iiiciJ«jK-c    0°  to  t1i(i  Micle  nf  refrACtloii    0^ 
•I  tt  ■"'  »*  ft  ** 

.,     -tip        ..  „         aa- 

.,     «)°        ..  «        m 

In  Fig.  :!12,  tUTording  tu  this  tAble,  to  tho  angle  of  in- 
cideut'o,  i  (of|ual  to  UO"),  tlie  corrompoudiug  Bngle  of  refraction, 
f,  equals  40°'5  has  boon  drau-n,  If  now  w&  describo  Ln  the 
plane  of  refraclinn,  a  eiriile  uf  arbitrary  radius  with  it«  centre 
at  »t.  and  draw  from  the  ^HtiutJi  a  and  I,  at  which  thn  incident 
and  refracted  rays  intersect  the  circumference,  the  right  lines. 
ac  and  hd,  perpeiiidlc-ularly  Lo  the  nuruml.  it  will  lie  seen  tliut  lid 
is  2  of  (M.  or  that  ae  is  j  of  hd.  By  prrK.>oetUug  similarly  ^%ith  all 
the  (^trroRponding  angle?i  of  the  ab<ive  table,  we  should  atwayn 
liud  that  the  [leriiendicular  oiirretipniiding  In  lhi>  angle  of 
inindenra  Ik  *^  of  that  of  the  angle  of  refraction.  The  number 
J,  or  li,  whinh  may  Iw  taken  us  a  measure  of  the  refraction  on 
the  passage  of  light  frum  air  into  water,  is  cnlled  the  ccefwteat, 
or  indrx,  of  re/rcurtioti,  nr  the  re/raelhe  indej-  of  nater.  From 
air  into  glfts»,  tho  rays  are  more  strongly  broken,  the  ratio  of 
the  [terpendicutars  to  the  normals  in  this  case  Iteing  expremteil 
by  the  number  ^,  or  I'ii.  .'similarly,  every  transparent  Ixwly 
poswgjws  iu  own  characteristic  lefnu'tive  index.  They  have 
lieen  ri>|[ected  for  a  few  HulMtances  in  the  following  table — 


W«tw      

Alcohol     

CwmAa  Valsam     .. 
OorboB  disnlpbi'lc 


1'333 
l-36o 

I -631 
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Otnraglut 

FKnt  frIiM  «rFrejtnliorcr 
print  glow  of  Ucrg 
tHamoiid 


1-630 

1-68& 
1-7S2 

2-487 


Ab  is  well  known,  the  perpendiouI&»,  ae  and  bd  (Fig.  312), 
with  ft  circle  of  radius  equal  ti>  unity,  aro  called  tho  *»«**  ol'  the 
correspondiDg  ojiglet^  ■  and  r.  We  may,  thoreforo,  stato  the 
taw  nf  retraction  thus  :  Tim  sine  of  the  angle  of  ituidence  has  a 
eoti^ant  ratio  to  the  sine  of  the  angle  of  n/raciion.  If  the  index 
of  ref'raotion  be  designated  by  n.  this  law  is  expressed  by  the 
equation  {^jneIiias,  m2U:  Descartes,  16U7}— 

siui 

-;—  =  !»,  or  ein  «  =  n .  sin  r. 

»inr 

It^^eu  \'\^\\t  [i&stM)!!  fn>m  nir  iritn  a  li«|uid,  or  a  tiolid,  tlie 
refracted  r&y  is  bvnt  (onard  the  HDnual.  Wheua  ray  paases  out 
of  the  water  in  the  direcliun  hm  (BM,  Fig.  311),  it  siijiers  the 
same  tefieetiuii  as  the  ray  uuturiiig  tbu  Muter  in  the  dircotiun 
mh  (MB).  It  passes  uutuf  tho  water  iu  the-  direction  ma  (iiV\}, 
and  is  accordingly  bent  away  fr«3ni  the  ptirpeudiii-utor.  Pre- 
dsely  thi-  same  valneg  as  before,  for  the  corresfHtndtng  angles, 
r  and  i,  luild  hero,  with  the  difference  that  the  incident  angle 
within  the  water  equals  (he  former  angle  of  refraclion,  wbile 
the  present  angle  of  refraction  e»|a«ls  the  fomicr  angle  of 
inr.ideiice.  If,  therefore,  J  (or  in  general  n)  is  the  refractive 
index  for  the  postage  bum  oii  into  water  (or  other  substance), 

J  (or  — )  is  the  rcfraictiTo  index  for  the  passage  from  water  (nr 

jfj  i>tht:r  substouice)  into  air  (/uw 

of  reciprocity).  To  make  the 
path  of  the  rays  coming  from 
the  water  visible,  a  small 
movable  mirtur,  B  (Fig.  31!)), 
iiii  nomctimeti  placed  beneath 
tlio  surface  of  the  water  in 
the  glad3  trongb.  The  beam  of 
rays  bent  vertically  downward 
F,<-..  .ij.-[otaiH^fl«tioii.  ^.   (i,g  y,irn>r.  A,  impinges 

upon  the  movable  mirror  and  is  rellcctcd  tunaid  the  surface  of 
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tbe  water.  If  the  ray,  B3I,  paHsing  nut  of  the  water,  is  made  to 
strike  the  flartacc  more  and  nioro  oliliquely,  tho  p^^rtion  aWre 
tbe  giirfaop  of  the  water  bocomoa  more  and  more  ineljued 
to  the  surfftce.  farming  with  the  uormftl  au  angle  which  w 
always  greater  th&Q  that  uf  tlie  portion,  MB.  wliile,  at  the 
same  time,  tbe  portion  of  tbe  rays  above  tbe  surface  apprcacbea 
(!OiitiiiuaUy  toward  tbe  snrface  of  the  water,  Finally,  when 
tbe  angle  uf  incidence  in  tbe  water  has  reached  tbe  valne 
4>r-G.  the  icaning  ray  jast  grazes  tbe  eurface.  Tbe  angle  of 
refraction  now  amonnt*!  to  !»()'.  No  greater  angle  of  refraction 
than  this  is  possible.  Al90'  tbe  limit  is  attained.  If  iiaw  the 
ray  falU  a  little  more  oblicjuely  upuu  the  HUrface,  the  light  will 
no  longer  [(ass  out  into  the  air.  Tor  rays  striking  the  surface 
at  Ihw  oblicjiiity,  the  surface  is  perfectly  opaqne.  It  will  be 
noticed,  also,  that  at  the  instant  when  tbia  limit  ti^  psKteii,  tbe 
ray,  MB,  which  is  reflected  inward,  and  which,  until  the  limit 
was  reucbod.  was  considerably  faint4>r  than  tbe  incident  ray,  BM, 
suddenly  increases  in  intensity  and  becomes  as  bright  as  tbe 
incident  ray.  While  viitb  tbe  leas  oblique  rays,  tbe  light  wai« 
divided  between  an  emergent  ray  and  a  ray  reflected  into  the 
water,  beyond  tbiD  limit  the  ouicrgunt  ray  uu  lunger  exists,  ami 
the  light  U  turned  into  the  refracted  ray  wttbuiit  diminution. 
With  all  angles  of  incidence  greater  thau  i^'-5  tbe  light  ii  thus 
totally  rejteiyted.  2'otal  rtjleetion  can,  however,  oceur  only  whea 
tbe  ruy  coming  from  tbe  more  highly  rcfnufti^e  medium,  im- 
pinges upon  tbe  !iitrliL(!e  of  a  less  powerfully  refractire  medium. 
Tbe  angle  of  ineidence  at  which  the  outwanl  jiassage  of  light 
ceoaefl  and  total  refltiction  begins,  that  is,  the  angle  whiclt 
oorrespunds  to  tbe  external  angle  of  iH)\  is  called  the  limiting, 
or  arUieai,  angle.  For  water  it  is  4S^-^,  for  glass  lO^'Ta,  for 
diamond  '2'i~-~5.  Since  to  the  limiting  angle,  i'  =  y.  corr©- 
spondft   tbe  external  angle,  t  =  90%  and  sin  dO' »  1,  thor« 

results  from  tbe  law  of  refraction,  1  =  n  sin  ^i  or  sin  7  =  -. 

By  measuring  tbe  limiting  angle,  it  is  thus  pvtssible  to  And 
tlw!  index  of  refraction  of  any  substance  (WoUaston,  lSO*i>. 

.\  gla^  Hurfoce  frnm  which  light  is  totally  reflected  shines 
with  a  bright  metallic  lustre.    It  forms  tbe  clearest  and  moat 
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Fig.  Rll.     lEf-Mnrting 
ITimii. 


ixwt'ect  mirror  known  to  science.  In  the  ooiiatriietiiin  of  optioal 
in^trnmfnK  tohilhj  rsjlectirnj  j>risni9  are,  tboreforo.  frequeotlv 
iiswl  {mjlecting  prisms,  Ki),'.  3H)  to  turn  tlie  rays  of  light 
M  jihoiir  Hpjireciable  loas  uf  intensity  into  any  desired  direction. 
Siicb  a  prism  eousista  of  a  piece  of  glit»< 
haring  two  siirfacee.  AC  and  liC,  jn^niid 
aCL'tirately  at  riglit  ani^les  to  eaL*h  other 
uud  a  ihird  siirfaoe,  AB,  incliuefl  to  ««cli 
I'f  llie  iurmer  at  au  angle  of  45''.  lt«y» 
tttrikiDg  the  surface,  AC,  perpend  iciilariy. 
\»ss  uithout  deflection  into  the  ;;la8s  and 
fall  upon  the  snrtace,  \ii,  at  an  angle  of 
inciden(fe  of  4J>'  (wbi<>h  exceeds  the  limit- 
ing angle  of  nnly  40"-7ri).  The  rays  an- 
here  totally  reflected,  no  light  whatever  passing  tliroiigh  All 
into  the  air,  and  after  rFilecticm  they  jiass  out  of  the  prism 
through  the  9pa<T,  BC. 

WoUast'in'ti  cajnera  lucida  dependa  upon  this  principle 
of  totAl  retiectioiL  This  camera  is  aii 
»])l»iinitiw  for  copying  the  ohjeota  of  nature. 
It  i^unsixts  of  a  four-siiled  piece  of  glaas, 
ahod  (Fig.  315),  with  a  right  angle  at  6. 
and  witli  the  obtuse  angle  of  135'  at  d. 
A  ray  uf  light,  k.  coming  from  an  object, 
and  striking  the  Croot  surface,  he,  enters 
the  prism  and  is  then  ^Jtally  reflected, 
tirst  at  the  nurfuctj,  ed,  and  then  at  da. 
After  jmjiKing  out  throngh  the  surrace. 
ab,  near  the  edge,  a,  it  reaches  the  eyw 
Inmi  the  dircrtion  of  the  tUitted  lino  in 
l-'ig.  'Mi),  l^ftviking  past  the  edge,  a,  down- 
ward toM'ard  the  sheet  of  ]ia[>or  for  the 
reception  of  the  drawing,  in  such  a  way 
that  half  of  Iho  pupil,  p;i,  is  covered  by  the  piece  of  glass,  the 
eye  jiL-rccivcs  the  imago  of  the  object  aa  thuugh  it  were  dniMli 
»IKin  the  shecl.  The  uutlinea  of  the  image  may.  therefore.  W 
easily  traced  with  the  point  of  a  lead-pencil  iteen  Mmultaneuuidy 
with  the  image. 
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By  monrjR  of  die  law  uf  rufnu,'ti«it,  tlieoiigle  nf  rofractioD  corrM]H)ii<ling  to 
nuy  snglQ  of  iiicii)<*i)c<)  may  In-  i-a»i]y  ilotpmiineti,  and  L-onvpiwly.  r-iiher  by 
oom|ititatioD,  or  j^l'liicallyt  Tlir  ittttUuin  may  lo  EoIraJ  grniitiifaUy,  aa  tit 
illtiKtrated  in  Kig.  'A\'i.  The  cau«lrii<?tion  Rivoii  in  Kig.  3Hi,  howerer,  u  mora 
raiivonicnt.  Let  two  (•ircicii  hf<  iU"u:ribc<l  nbout  iIk>  jiuiiit  of  inddeiwo,  ■>,  Uw 
one  «f  nuliiiK  iinity  »i»i  ifie  olhc-i'  of  radinji, «,  where  m  denotes  tbe  indox  oT 
Kfrnction  fiu  thn  p)ii>Ki(-ci  of  light  iiitn  (ho  ccxwnd  mediutn.  Lfil  the  incidsnt 
rajr, /a,  1k>  prolotigoa  toil*  inUirsoclion.  m.nrith  the  Unit  circle,  and  Uiroiirfim 
let  a  fiiimllcl,  pm^.bc  drAUn  ti>lhi'  iiurmal,  k^k'.  Tlie  cuonoctiiig  line  c«th6 
point,/),  where  ihn  paroUol  chIm  tliv  nciwnd  circl<?,  with  tho  point  of  inotdenoe, 
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-,  HiTw  llio  wfini'ted  ray,  ap.  For,  aiace 
Aiiglo  fwd  cqualA  tlto  on);]'!  «f  incidence,  I'l  wo 
baTftmn  ■  =■  '/rj.  niid,  further,  eiitico  ttii>;lo  ^^w 
«<]ll4lithoAtiglL-r,  aho  nsior  =  yu.Biid,  tlioco- 
fcv«,  AN  the  law  uf  TofractiiMi  a'ljuires  :  riu 
i  =  N  «iii  r.  For  a  tny,/>a,  lonitiu;  from  the 
Mocoud  uudiiim,  ii,  |ianillcl  to  die  ixTponilicntar 
whicli  nivvtH  tlie  circle  at  tJi«  point,  m,  is 
dra^ii  Ibroiixli  p,  when;  lliL-  din'tjtion  of  the 
roy.pf,  cats  thu  »ui-iiiiil  ciicli-.  'llie  line  con- 
necting m  with  u  faniiNhcv  tlicn  tbe  rcqnrred 
timeiKcut  rny, 

Tlio  Inttor  fonitriitliioii  is  !iiijhi>mI>1c,  wIkmi, 
as  Willi  thi-  rny,  ««.  the  ]>flral!et  \u  iho  iinrniid 
1        doofc  nut  niL-dl  iliu   lir^t  circle.     Thi*  circuiiiKtmice,  howe?er,  rcTcole  the 

■  csi^tl>u(;l,■  i.f  lite  loliil  niHeirtiiin  to  Vfliich  tlic  ray  ja  miliject, 

■  Whi-ii  the  iwinillul  toucbe^  tliu  first  circle  exiclly  at  tJio  end  of  itx 
horiKonlal  diameter,  a*  i«  the  csMe  will)  tbi-  rav  fa,  the  refmclod  ray  grmxes 
tht  surface  M-|innitiiii;  tlie  Iwit  neilia  uloiig  llic  line,  ao,  and  ttif  h)  tlic  f  rlHcal 
Angle,  for  which  vm  lint-u  from  the  fiitiint,  Uie  cciTiJitioii  n  ain  y  =  1.  If  tbe 
ray  |M«ineaui  of  the  (tn>t  Hitxliiiin  io  rnUt^-d  IfUl  do^iwout  i)f  tlie  pontioii 
i«,  lliroiij^  ka,  to  o'u,  llie  ray,  refmeted  iu  tbi>  m-ixiMtl  mediiim  tawanl  lh« 
iiariDfl],  Is  at  the  Mrne  time  raiated  from  at  through  ak'  toward  at  by  douhli^ 
the  vdtie  uf  tho  critical  angK 

A  lumiiiiiiiK  point  Unioatli  tho  surface  of  water,  when 
riewed  by  the  eye  fr«ni  almve,  is  not  seen  in  its  tnie  plac*.  but 
appears  to  be  lifletl  somewhat,  I>ecaiif!e  the  rays  iiosiiiug;  fmin 
the  water  diverge  more  strongly  from  tlie  normal  than  do 
incident  rays  uithin  the  uuter.  and,  consequently,  Ihoy  Beom 
t«  eome  from  a  p.iint  lyiii^,'  nearer  than  the  object  to  the 
Btirfatw  of  tho  water.  This  eiplaiiis  tiie  fact  also  thnt  a  vessel 
uf  water  nhuse  tMjtlum  can  be  Keen,  appears  shallower  than  it 
really  is.  For  the  same  reiwon  the  ]M»rlion  of  a  vertical  i>o«t 
boucath  the  surface  of  the  water  appears  tu  be  shortened,  and  a 
,  bar  held  obliifRely  iu  the  wuter  ap|tea»  to  be  bent  abruptly  at 
p  tlio  surface.  A  cuiu  lyin^'  in  a  vesj$el  of  vraler,  and  \*ie«od 
from  abore,  \n  Mijrhtly  nia^iiilied,  because  it  appeem  to  lie 
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nearer  the  eye,  and  is,  tbereforOj  wen  under  ft  gioater  tIsuaI 
angle. 

fJftses  also  refract  light.  Tlie  coefficient  of  refraction  fnnn 
vacuo  into  air  nf  0'  aiul  7(>0  nun.  pressure  eqnab  I'(K)(I12'M.  and 
it  diminiithea  mtb  the  flunttity. 

Since  in  the  atniosphcro  the  density  of  the  air,  and  accord- 
ingly &1ho  ita  rt'fraoiinj;  power,  under  urUinary  cireumsiancoe, 
increases  from  abovo  downward,  a  ray  of  light  passing 
obliquely  dutrnnard  from  an  elevated  [loint  is  turned  con- 
tiniially  toward  the  normal,  and  the  ray  pursues  a  curnlioear 
path,  which  ia  concave  downward,  arriving  at  last  at  the  eye, 
tVoni  a  steeper  direction  than  would  have  been  the  case  had  it 
been  propagated  ref^tilinearlj  in  vacuo.  Consc^juently,  the 
point  whence  the  light  nati  emitted  is  seen  at  a  position 
elevated  mmewhat  above  \\»  true  position  (atmospheric  re* 
fiBctioti).  The  quivering  nf  objt^i-ti*  .seen  thniugh  healed  nir  is 
due  to  the  fact  that  the  light  from  them  is  refracted  by  atmo- 
spheric currents  of  nne>(|Ual  density  toward  one  direction  and 
then  toward  (mother  in  rapid  suoccssion. 

9S7>  &tmo«pbiiri«  B*a*etlm  ocevra  when  laytrs  of  ftir  of  dUlarent  deimtiM 
ud  cODKqueDtly  «1m  of  unequal  rofruLCliv*  ctpftbilitMs  ue  auperpoaed  upoa 
oa«  aaother.  tf  Uw  lower  InycrK  ktt  ttroagty  b«at«d,  Kad,  tlMKEon,  le» 
d«nw  ihan  Um  iiigbfr,  u  frc^aenth-  occiin  above  tbo  fa«t  stndjrmS  of  dMiti, 
a  T^  of  K^t,  pasmog  (tqui  n  Ivfty  «l;>juct  toward  Uw  SAitb,  umniM  a  falli 
becoiniDs:  taon  and  moie  obliquu  \a  coutotjucacv  of  th«  dccreuing  rerractiTO 
{Wwor  of  tlui  air.  It  Uiutt  ilncribM  a  vnrriliawr  pntli  coucaru  upward.  T(m) 
rov  oootiuuei  to  curva  until  finuUy  il  reacbca  Ibe  eye  of  tbo  omerrer  froni 
below,  OS  Lbouch  it  had  bocu  roSeclcd  iroDi  the  borixoDlal  iurfsce  of  a  ■ntirur. 
Tbo  eye  nea,  then,  benuatb  the  raal  object  it«  inv<.'rte<!  ima^,  and.  Aiv^  Ax 
Ufthi  tf  tbo  aky  if  aim  refracted  by  tholiot  layers  »f  atr,  tbe  imoi^  of  the  sky 
appeals  in  tlie  forni  of  a  Niir&coof  wiilcr.  A  xitailar  [cfraction  aud  reflection 
«M  light,  by  tlie  iit0iut>(>lieric  lay«ra  of  viiryitix  lictisitiutt.  ue  fniqiioDtlv  kcd  4t 
aeo.  and  the  i>henuiDeiia  are  ItDuwn  t»  the  mariner  as  mimga.  On  the  coasts 
of  Sicily  aiiti  Arahia,  vbcTc  iiucb  phenomena  occur  veiy  rrcquenlly,  popular 
tntdiltuH  asctibea  tltcm  lo  ihc  luajiic  uf  an  evil  apirit,  the  Fay  Horyitaa,  sad 
tltey  are  with  us  frequently  refcmid  to  as  the  tWa  Mor^ha. 

328,  Parallel  Plates. — When  a  ray  of  light  \TmsnGH  through 
8  plutu  (liH^  bounded  by  jHimltel  plattes.  it  is  bent  on  eutrauce 
toward  tho  nurmat,  and  iPti  exit  by  just  a»  great  au  amount 
away  ftom  it  (illustranyl  iu  Fig.  317).  The  ray  «T  does  not 
form  the  rectJIiuear  oiintimiation  uf  tbe  entering  ray,  id,  althongh 


LIGHT. 

the  rays  remain  parallol  tu  each  uther.  Tkt>  ray  suffers  no 
(leviatioQ  frum  lu  original  direction.  It  is  merely  ditipUt'^ 
laternlly  Ly  nn  amount  which  becom'cvs  Kinaller  thu  ttiiiinor  the 
plate.  Thiu  {ihitem,  tuich  oA  pantos  of  wIuUiiw-gluMS,  {mtiiuce  ho 
alight  a  JUplacement  uf  the  rays,  that  objects  seen  thcoagb 
them  appear  in  their  tnie  ftjrmg,  sizes,  aiul  poaitioiig. 

The  direction  of  the  (>iiierj^iit  my  is  not  altereil,  even  with  a 
8eri«a  uf  two  or  mote  parallel  plates  (Fig.  31S),  c-omposed  of  any 


I       Pi< 

I    sort  of  material  whatever.     Honvo,  it  follows  that  the  index 

I    of  refraction  on  the  poiwage  of  a  ray  from  a  medium.  A,  into  • 

I  n" 

I    modiuto,  B,  \s  expressed  by  the  riiiotieot  -  „  where  n"  designates 

the  index  of  rciraclion  of  the  medium,  I),  and  n'  that  of  the 
medium,  A,  both  taken  with  resputrt  to  air. 
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PftnUlcl  PhtM. 


For,  on  ttie  eotmnce  of  the  ra^inco  Ibo  firat  [fluta.  «c  ha,\v  sin  i*=N'iaiir, 
aadoD  pnssingout  af  theEeconil,  tiDi3n"siDr,con»cr|ueiitIy  n'iriur=a"tiiar', 

ain  K.    Sino«,  at  t)i«  puaaj^  from  llie  fint  plate  into  tba 


or  il&i* 


=©- 


KCOQd,rrepreaenistheangleof  incideitce.aDd  r' theangteoftefrECtion,— :  =  n 

is  the  cotreEpooditig  index  of  refraction,  or  n"  =  n't. 

The  index  of  inaction  of  &  bmly  whra  light  pa«M«  from  s  vacoum  into 
it,  u  cnllud  iu  abtolnU  intbz.  It  is  foitnd  by  mnlLi])lyiiig  the  ind«x  of 
n-rrat'lioii,  R,  witli  rtutpeet  to  air  by  dio  IdiIsx  of  rafnxctioB,  n  =  1'0002II4  uf 
air  witli  re.ifieel  to  tmetio. 

S29.  Fristu,  in  the  theory  of  light,  are  tnuupareat  bodioB 
with  two  plane  surfaces  inelined  to  each  other,  through  which 
light  may  pasii  inward  and  outward.     The  common  glass  prism 
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)iii8  the  t'utui  (if  u  trLiQj^iilar  I'oliinin,  whose  right  section  (j>rtii- 
eipid  tectioit)  is  lui  wjui lateral  triHiigle,  AJiC  ^ig.  319).  Only 
two  surfaces  nf  Uie  |)rism  (AB  uml  Bl\  the  "  refraetuig  siirfftce*  ") 
reiiiiire  iwliphiny,  tlia  thiril  surface,  AC,  lying  uppusiie  the 
"refracting;  angle,"  as  also  the  triangular  end  surfaces  are 
nsiially  groiiml  Hn<l  lilackeneit.     A  ray  of  light  falling  upttn 

the  Hiirfai'e  in  tho  <liro>.*tioii 
EF,  in  the  principal  section, 
passesalimg  llie  jmlh,  EI'GH. 
This  jiath  may  be  rcailily 
drawn  IVom  tho  kw  of  rofrac* 
tion,  sint--©  the  ray  is  deflecl*il 
l>y  a  kroini  ani<tnnt,  both  at 
ei)traiii«  anil  at  exiL  Aa  the 
•Irawing  indicateH,  the  ray  is 
always  hint  /rom  the  edge.B. 
toward  the  liase  of  thi?  piian.  An  eye,  li>oking  through  the 
prism  fmin  II,  occk  an  i>bject  ditiialed  behind  the  prism,  db* 
l>lm-ed  toward  the  edge  in  tho  <liret'lion  HG. 

Tho  angle,  D,  formed  by  the  dire<!tion  of  tlie  ray,  KF,  with 
tho  direction,  Ctll,  of  the  emergent  ray,  gives  the  total  deflection 
suffered  by  the  ray  at  both  refrw-tions.  This  deflection  Is 
composed  of  the  deviation  i  —  r  at  entrance,  and  of  i"  —  r'  at 
exit,  where  e  and  t'  denote  the  angles  matte  by  the  incident 
and  the  refracted  rays  with  tho  res|«ctivo  uotuials,  and  r  and  r' 
those  made  by  the  puth  uf  the  ray  in  the  prism  n-ith  these 
same  iiurniab.  The  total  deviatit^m,  D,  etiiials,  therefore, 
i  _  f  +  t"  —  r',  or  D  =  *  +  i"  —  (r  +  r").  From  iho  drawing 
it  is  evident  that  the  sum  r  +  r*  js  always  equal  to  the  te- 
frat^ting  angle,  b,  of  the  prism,  or  that  r  +  /  =  i,  and,  accord- 
ingly, the  defle'-'tion  D  =  j  +  i'  -  fc. 

If  tho  angle  of  ineidence,  i,  is  varied  by  rotating  the  prisiu 
bw-lc  and  forth,  a  {K<8ition  is.  readily  found,  where  the  delleetinu 
iH  smaller  than  in  any  other  position.  It  may  be  readily  proved 
tlmt  this  smallest  dotterlion,  or  the  taimmum  value  of  tho  de- 
flection (rf.  Fig.  320),  oixura  when  the  ray  forms  equal  angles 
with  the  refracting  surfaoett  both  within  and  without  the  prism, 
or  when  it  traverses  the  prism  symmetricAlly.    8ince  in  thix 
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(■ase  /  =r  and  i'  =  i,  wo  obtain  Ur  =  b  anil  d  =  2i  —  h,  and 
fnjm  these  eijuatioos.  the  angle  uf  mcideuce  t  =  ^(d  +  h},  and 
the  norrpHponding  angle  of  refrRCtion  r  :=  (4)i.  Ao'iirdinp  to 
the  law  of  refractirm,  the  iodt- x  of  refraction,  u.  niuiit  et^iml  the 
ratio  i)f  the  sinea  of  theee  two  aiiglos — 

sin  ^id  +  h\ 

It',  thcrefure  (by  uieana  of  a  goniouKter),  tlie  refraotjiig 
angle,  h.  of  a  priaiu  and  the 
least  deflection,  d.,  are  uiea- 
KUred.  from  this  formula  the 
index  of  refraction  of  the 
material  C4>m]ioHinf;f  the  prifun 
ii4  eottily  c!(]m]>uted.  Bodies, 
whose  iodioed  uf  refrsL'tiDn 
are  to  he  found  bv  this  very 
a,«.urate  method,  arc  usually  ^"'-  ^^-^^  »««««'-'  ^  •  ^^- 
given  tlie  Ibrui  of  a  prism.  With  liijuid-s  this  is  done  by  fllUn^r 
a  hollow  pristu,  whose  refracting  siirfaocd  are  com|>osed  of 
{dane  glass  plat«s  with  {larallel  (Bcm,  whiidi  tbotiutelTes  produce 
iio  del1e(ttion  of  the  ray. 

riiat  tho  d«l1octiuD  iu  •  prism  In  leaitt  wlicri  ihr  ray  Iravenm  it  Rmtuetri- 
i-uUy,  ia  readily  prorcd  m  follows:  from  ttio  rcrt«x,  D  (PiK.  3:31),  of  ihi.' 
i«rractiii^  uijlL*.  AUC  (A),  lei  any  arUlnr;  r%lit  line  (BD)  attd  two  chvtilnr 
Ana  of  ndti  1  luiil  n  rwiMcdTely  W  drawn,  the  Utter 
of  wltich  iiiterseds  tteaidM  of  the  anclt?.  b.  If  tin- 
angle,  A6D,  be  lakon  as  tbo  auglo  of  rc&aotioD.  r. 
■iriiTO  r  +  r*  =  B,  Uw  KOfAo.  CBD.  ihoo  wjnabi  r'.  Il' 
now,  from  A  and  C  |anUeU  to  BD  arc  dntwD.  wliidi 
luixtt  the  unit  drcl«  \n  A'  and  C,  wboren|)Oii,accun)- 
ii)K  to  tlie  graphical  ccinstnictian  uf  the  law  of  refrar- 
tion  giren  above  (Y\%.  316),  A'BD  and  CBD  are  tin- 
an^lcH  I  and  C,  wliich  corrcapond  to  r  aod  t*  ;  then 
A'lKT  =  i'  +  i".  Tlie  deflection  D  =  i  +  i'  -  /<. 
rarim  only  Willi  Uw  sum  i  +  *'.  and  it  \k  iherefon- 
a iniiiiniiitii.  wlien  the augle.  ABC  tuu  iU  leaat  Talii^'. 
If  thu  aiigica  r  sod  r'  arv  uniiianl,  the  chnnl,  A'C,  of 
ihn  an(!l«  i  -I-  T,  in  tlie  unit  circ!«,  la  alwaji  greater  than  llie  cxniatant  cbonl. 
At',  of  (he  an^lo  r  4-  r'  es  ^,  in  the  drate,  it,  and  beoomea  v({iial  to  tlw  lallvr 
unly  when  r  =  r',  and,  uousiequoady,  also  i  =  i.  The  sou  i  4-  T,  anil  witli  it 
the  deAMtioQ,  u,  aCDordlngly,  least  in  ns«  of  i^mctrical  ^lajMge.  By 
RieaiM  of  iMa  aaiDe  conatniotioD,  all  povible  cam*  of  rurrartiuu  in  ■  prism 
may  be  AndM  gmptucally. 
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With  prianu  uf  very  smull  rofranting  &agle,  rays  having 
aoiall  angles  of  incidence  have  olwavs  the  same  deflection, 
whii'h  ia  pro|M)rti<inftl  \n  the  refractjng  nngle.  If  the  angles,  * 
and  t*,  and,  a  /oriiorL  the  angles  *  and  i',  are  nmall,  tlie  (circular 
arcs  correspundiug  to  these  augleit  are  not  appreciably  different 
{torn  the  sines,  and  may,  therefore,  replace  them.  The  Uw  of 
refractiun  then  aasnmCA  the  simph-r  fitrm.  i  =  nr  and  i*  =  nr' 
(Kepler).    There  rcsalte.  then,  for  the  deflection — 

11  =  i  +  i"  -  i  =  fi(r  +  r')  -  fc  =  nt  -  i,  or  D  =  (m  -  1)1. 

330.  L«awB. — A  transparent  piece  of  glass,  bonnded  by  two 
spherically  carved  surfaces  (or  by  one  epberioal  and  one  plane 
surface),  ia  called  a  lent.  Seen  from  the  surface,  snch  a  piece 
of  glasH  appears  eircular.  When  cut  through  the  middle, 
however,  it  wonid  present  some  one  of  the  forms  shown  in  Kig. 
322.  lienses,  whose  thickness  intTeases  toward  the  centre, 
are  called  e^iveat.  Among  these  we  have  the  double-curved, 
or  in-convex  lens  (A,  Fig.  322),  which  has  a  seed-like  shape, 
f^m  which  resemblance  the  wonl  /«w  was  derived;  thej»/an<»- 
eonve»\sDA  (B),  curved  on  one  surfaoe  and  plane  on  the  other ; 
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Fni.  3S2.— Forma  of  Luiuea. 


Fia.  Vm. — Axoa  of  %  Leu. 


the  eoacavo-convex  {C),  sometimes  c&lled  the  vtenitcu*  (tbs 
"  little  moiiii  "),  ia  oonvox  on  one  8ide  and  loss  strongly  concara 
on  the  other.  Concave  IcuAOS  are  tliiuncr  in  the  middle  than 
at  the  edge,  and  include,  likewise,  three  forms :  the  douUe 
eoiuave,  or  bi-eoncave  (I>),  the  planO'^ottcave  (E),  and  the 
eonvexo-eoneav  (F)l 

The  diwrnssion  immediately  following  will  lie  rigorously 
applicablu  ouly  to  lenses  whrwo  thickness  is  amali,  so  that  the 
vertices.  iS  and  S',  may  be  regarded  as  coiiu-iding  with  the  pitint 
U.  on  the  interior  of  the  lens,  which  is  I'alled  iu  ojAifni  etntre. 
We  shall  assmne,  further,  that  all  angles  of  incidence  and  of  re- 
fraction are  small.    All  right  lines,  MM,  N>'  (Fig.  323X  pa.<»jing 
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throngh  tho  centre,  Q,  of  the  leuii,  are  called  itti  axes,  and  tliat 
particular  exU  (AA),  nlioh  pierwH  the  fturfaL-es  i>f  the  lenii  por- 
peniliriilarly,  and,  lu-nce,  pHSses  tbrinij;li  the  centres  of  curva- 
ture <if  the  hjihericTftl  xuri'm-es,  iis  temmd  \\i6  frin<npal  axi*.  A 
ray  pu-isinp  thnmgh  tho  centre,  O.  suffers  no  dt;floctiou.  because 
it  mcctct  the  mtrfoces  at  pointii  vthore  they  are  parallel  to  each 
other.  It  travetms  the  len^  along  an  axis,  and  ii^,  for  this 
m>a9on.  called  an  iZ).<tW  ratf.  AM  other  ray»,  after  ]>asaiuK 
thniugh  the  lens,  are  changed  in  direction.  They  nre  deflected, 
or  bent,  to  a  greater  extent  the  further  ihc  [uiint  uf  incidence 
lies  from  the  centre  uf  the  gloAs.  The  lens  cumpurts  itself 
with  respect  to  light  tike  a  prism  of  Miiall  refracting  angte,  the 
angle,  and,  therefore,  alHo  the  d^tlec'ting  action,  increases 
gradually  t^iward  the  e<1ge.  With  omvex  lenoeH  the  angle  of 
the  wedge  is  ttirued  away  from  the  principal  axin,  while  with 
concave,  the  angle  ]H)iut*  toward  the  axis.  Inasmuch  as  a 
firism  uhvays  bends  a  ray  of  light  lonard  its  huse.  rays  of  light 
passing  thrangh  convex  lensesinust  be  bent  toward  the  principal 
axis,  while  those  traversing  concave  lenses  are  turned  from 
this  axis. 

If  a  lieam  uf  |mrallel  itolar  rays  falU  upon  a  bi-cunvex  lens 
(AB,  Fig.  324),  it  i.s  refracted  in  such  wny  that  all  rays  pa«3 
through  uuo  and  the  sauiu  point. 
FF,  lying  on  the  other  side  of 
the  leiks,  because  ea<'h  ray  is  bent 
toward  the  axis  by  an  amount 
proportional  to  the  distance  of 
its  point  of  incidence  fmrn  the 
centre  of  the  tons.  If  a  sheet 
of  white  |)a{)cr  bo  held  hero,  thid 

point  will  appear  as  an  intensely  brilliant  spot,  into  which  not 
only  the  luminouK,  but  al.'ui  the  theruial  effect  uf  the  Kolar 
rays  bwi  lieen  collected.  The  pa|ier  hchiu  he(x>me8  so  highly 
heated  as  to  take  Bre  and  burn  np.  For  this  reason  the  jxiint, 
F,  is  calleil  the  focus  (burning  p<jinl)  of  the  lens,  and  the  Icils 
itself  is  sometimes  called  a  lurnirtff  fflaat.  U  the  parallel  beam 
falls  iipnn  tho  other  m<1c  of  the  lens,  its  rays  undei^o  (he  same 
reflection  and  are  condensed  on  this  side  into  a  point  at  the 
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same  disttuice  I'rom  the  lens  as  Wfore.  A  leus 
tbeiefore,  two  foci  upon  each  axis  lyiii?  en  i>|i[>ostte  sides  and 
At  the  same  distance  from  the  lens,  called  the  fccot  ditlanaect 
tbo  Ions.    Itays  emitted  fr«>ru  a  focus  pusti  frotit  liie  oppodte 

side  of  the  leus  in  directions 
pamllel  to  the  corresponding 
axis  (Fijr.  li'lij). 

\\  hoit  the  focal  distance  of  a 
lens  is  kn(>\<n)  the  dettection  eof- 
foretl  by  any  ray  paaslng  frcmi 
the  fitcUK  anil  falling  upon  the 
l»ui  is  readily  obtained.  Al  atiy  given  [xdnt  of  the  surfaoe 
of  a  Ions,  a  ray  coming  from  any  direction  whatever.  sufTets  the 
same  deflection  (provldeil  its  dirct-tion  does  not  differ  much 
from  that  of  the  princijial  axis).  To  illustrate :  If  a  InmiiUHu 
{toint  is  situated  at  H  (^ig.  326),  farther  than  the  focal  distomw 
from  the  Ieti!«,  the  ray,  R\,  falling  at  the  edge  of  the  lens  is 
dcHectod  by  jiut  an  much  as  uruidd  liave  beuu  the  case  had  it 
proceeded  from  Iho  ftxrns,  V,  alotig  the  direction,  FA,  to  the 
«uaie  point,  A.     Its  change  of  dirc^-tinn,  HAS,  is  then  ecinal  to 
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the  angle,  FAN,  and  it  intersects  the  axial  ray.  RS,  passing 
through  the  Ions  without  detIe<^tion  at  the  )>oint,  S.  At  this 
same  point  all  the  rays  from  11,  whit-li  impinge  up..»n  the 
surface  of  Iho  lens,  arc  condensed,  because  each  is  deflected 
proportionally  to  the  dislann;  of  its  poiut  uf  incidence  from 
the  centre  of  the  lens,  A  papier  screen  placed  at  8  reveals 
a  brilliant  point  an  the  image  of  the  luminous  piunt,  R.  Snch 
an  image  formed  by  the  coudensiation  of  the  rays,  and  which 
may  lie  caught  ujKm  a  screen,  as  has  been  already  stated,  is 
called  a  real  iviaye.     If  the  luminous  point  is  placed  at  S,  it« 
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mys  sHlVeriiig  llie  i»me  doflectioiis  as  before,  must  interaect  at 
R.  where  the  luminous  point  was  previonsly  situated.  The 
points,  It  an<l  .S.  tlien,  in  a  certain  sonso,  belong  togothor. 
The  Lmftge  appeaxa  at  one  of  them  when  the  source  of  light 
18  ftt  the  other,  and  they  are  for  this  reascin  called  conjngcUa 
poinls,  UMien  one  is  more  than  twieo  the  focal  distance  from 
the  lens,  the  ulher  lies  beyond  the  lena  at  lejw  than  twice  the 
focal  distance,  but  alwayn  at  more  than  the  single  ftn-al  distancft 
from  the  icns.  When  the  luminous  point  lies  at  exactly  twiea 
thu  ftM'al  distjintie  from  the  lens,  the  image  is  aljw  at  the 
Hiune  diHtaur.o  from  it.  The  foci  are  thcmselveB  conjtigate  to 
the  points  of  the  axes  at  a«  inKuite  distance  from  the  lens. 

If  the  liiminons  point,  T  (Fig.  327).  lies  between  the  focus, 
F,  and  the  lens,  AB,  the  deflecting  power  of  the  lens  is  no 
longer  able  to  conilensr  the  strongly  divergent  rays  (TA,  TB) 
or    even    to   make   tbrm 
|«Lraliel  with  one  another. 
AU  the  lens  can  do  is  to 
»ducesomo«hat  theirrat* 
of  divergence.    A  oondcn- 
sationof  therefracted  rays 
beyond    the    lens   it  im- 
lioruible.     They  diverge  prt-t-isety  as  though  emanating  from  a 
luminous  point,  V,  lying  upon  the  axin  and  on  the  tame  side  of 
the  lens.    The  eye  looking  from  the  opposite  side  of  the  lens 
aeos.  in  plnre  of  the  Itiminoiig  pt^kint,  T,  a  more  remote  point,  V, 
as  an  image  nf  T.     Such  an  image  produced  by  divergent  rays 
when  prolonged  hat-'kward  t»»  a  [v^nt  is  termed  au  apparent,  or 
virtwU  image.     Thin  condition   of  tilings  also  occurred  with 
minors.     If,  on   the  contrary,  a   converpent   beam  from  the 
right  (Fig.  iJ27),  whose  rays  intersect  at  the  jKiint,  V,  falls 
upon  the  lens,  the  rays  will  bo  drawn  by  the  lens  into  a  more 
stnmgly  converging  bpam,  collecting  into  a  focus  at  T.     To 
the  point.  V.  which  may  be  regarde<l  as  a  "virtual"  luminons 
|K>iat,  the  point.  T,  correajtomls  as  a  real  image.     The  points. 
T  and  V,  are  here  also  so  related,  that  the  one  i-t  the  image  of 
the  other,  and  they  are  I'onse'iuently  conjugate  points.    The 
jMwitions  o(  the  conjugate  points  may  be  readily  located  in  a 
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drawing  ai(  in  Fijis.  32fi  and  327,  when  the  angle,  KAN  (Vi^. 
326),  repreaeotiag  the  total  refractioD  stiifered  by  a  ray  coming: 
from  ftiiy  point  an*l  strikinf,'  the  edg^e.  A.  is  nit  from  a  piece  of 
stiff  paper,  aiiU  its  vertex  is  plaeeU,  at  the  |>oint.  A,  while  th* 
angle  \r  turned  about  thin  point  a^  a  pivot.  The  sides  of  the 
angle  i*nt  every  axiii  in  two  ecirreni Minding  |Hjiu(.i,  one  uf  vbieh 
ix  the  image  of  the  other.  From  \\ns  it  i&  also  clear  that 
luuiinuna  jMiint  and  image  are  (lixplaL-ecI  iqiou  their  axis 
always  lu  the  stame  sense. 

As  with  mirrors,  w>  with  len^t*.  homoc&Utia  rays  remain 
AotflWMti/rw  aft«r  retraction,  and  here  aim  to  find  the  image  uf 
a  |K)inl  any  twti  rayn  may  1ip  selocted,  vihi(;b  may  be  most  (.'im- 
veiiiently  dranu.  T)ie  nyi  most  readity  b»^led  are  the  axial 
ray  and  the  ray  parallel  tu  the  principal  axla.  both  of  whiRh 
pass  thruit<;h  the  focus  on  the  other  side  of  the  \ens. 

8ince  a  lens  produces  an  ima<^e  (A)  of  each  )M)iut  (a)  of  an 
object  lying  iii  the  plane,  ab  (Kig.  3"J8),  i»erpen<l)eular  l«  thi- 

prinri|)al  axis,  t>.  in  the  conjn- 
gate  jdane  (cf.  ^o),  AH,  at  the 
point  where  the  axis.  aOA, 
n)rre?t|H)iidiiig  to  a  pierces  tbi» 
plane,  it  prodiiceK  an  image, 
Alt,  of  the  object,  ah,  which  is 
Bimiiar  to  the  objei>t  and  nbose' 
<lia]neter  i»  t4i  tliat  of  ah  in 
tlie  ratio  of  the  i-orrespcmdiug  distances  from  the  lemi.  If  ihe 
object  is  farther  from  a  convex  leut>  than  the  foi-«l  distance, 
the  image  is  formed  beyond  the  lens  by  the  ai;tual  concontn- 
tiou  of  the  rays  from  the  various  points  of  the  object.  Snch 
MX  image  may  be  caught  u[wu  a  Hcreeu  and  has  a  pnetcion 
precisely  the  reverse  of  that  of  the  object.  AVhen  the  olijecl 
(ab,  Fig.  328)  is  at  lesa  than  twice  the  focal  ilistance  from  the 
lemt,  its  image  apjtean  beyond  the  lens  inverted,  magnijied,  and 
farther  than  twict  the  focal  distance.  If  a  well-illnmiDate<l.  tratw- 
parent  [tainting  (or  photograph)  is  placed  in  an  inverted 
position  at  ab,  it  will  be  reproduced  upon  a  screen  at  A  I! 
magnified  and  in  an  erect  position  (mat^a  lantern^  tt^rtoftuon, 
tkiaptieon).    The  i<ame  thing  hap|iens  uith  the  iiolar  miertueop«r 
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where  a  small  eouvex  (I'ns  of  short  fucus  \»  [tlaced  in  froiit  i.f 

a  aiufttl  object  (usually  hfM  between  two  ^ln»3  plates  and 
plsced  slightly  outside  nf  the  focna  of  the  lens)  i«  strongly 
Ulutuinated  by  suiilijiht  cmicentrated  [i)>on  it  by  u  larjfe  lenn. 
A  highly  itm<^iii|]{.(}  imu^i)  uf  the  object  may  be  Iheu  caught 
Upon  a  screen. 

If  the  object  at  AB  Kn  more  thau  tnice  the  fucttl  distaiiixi 
frnm  the  letis,  an  inrarteil  end  miniji'^J  luiage  {ah)  iu  fyrmod  on 
the  opposite  nd«.  To  sproon  the»e  iniapes  from  the  disturbing 
effect  of  outer  luminous  sources,  a  box  or  rose  coated  black  on 
it8  inner  aurfaco  is  iwod.  This  case  w  calleol  a  dark  chamber, 
or  cainera-obscura,  in  thi-  fnmt  »ide  of  which  the  lens,  0,  is 
placed,  while  an  aiijnstahle  plate  of  gntund  glass  fcHTns  its 
hack  mirfatw. 

■When  an  objnct.  Alt  (Fij?.  ^29),  lie»  at  \mi  than  the  focal 
ilistaneo  from  the  lens,  the  rayn  fn»?n  one  of  its  points  (A) 
cannot  be  condenttcil  intoaAtngle  . 
point  beyond  the  Ions.  They 
|iasa  anay  in  a  diverging  pencil, 
just  as  though  they  had  started 
from  a  point,  ci,oo  the  sameuide 
or  the  icns  m  A,  though  at  a 
greater  distance  from  it.  An 
eye,  viewing  the  objof^t  from 
the  oppoeite  side,  seea  the  nMgnifitd  virtval  imago,  ab  of 
AR  This  image  has  the  some  pottition  as  the  object,  or  it  is 
trect.  On  account  of  this  well-known  property  of  convex 
lenses  they  are  frequently  terme<l  magni/^intf  glatiea.  An 
apparatus  prorirled  vrith  such  a  \vi\s,  and  designed  to  show 
near  objects  magnifietl,  m  rralleil  a  mat^aijici:  It  is  held  cIikmj 
before  the  eye,  at  such  a  distance  from  the  object  as  to  bring 
it  jnat  within  the  focal  plane,  whereupon  the  image  will  lie 
at  a  oonvenient  dtfitauoe  for  viewing  it.  The  magniticatiiiu  in 
then  almost  equal  to  the  ratio  of  the  distance  of  diatiuci  risiou 
to  the  focal  distance. 

Coneave  lenta  act  op|KMiteIy  to  d^nyex.  They  deflect  the 
rays  from  the  axis  by  amounts  varyiug  with  the  distance  of 
the  point  of  incideacc  from  thd  centre  of  the  teas.    Yi'heu  a 


Via.  3SJ>.— PoraiRlion  of  Vlrtaftl 
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benm  of  parullol  solar  ray»  itupingew  npoii  the  Htirfoce  t>f  such 
a  lens  (Kig.  SSO),  it  emerpes  iu  a  divergent  jwucil  of  such 
Torm  as  to  appear  to  come  from  a  point,  F,  lying  on  the  same 

Hide  of  the  lens  and  in  the  cono- 
spoudiu^  oxii!.  This  point  is  desig- 
nated the  appartmt  or  viHwd  foeut. 
A  (;ui)ouve  lena  {Kissesse-t  two  Kuch  fooj 
iipou  each  axis,  ono  u[m>ii  either  side 
and  both  at  the  same  dijitaim-  fnnn 
tht<  leiui.  The»e  points  have  the  same 
siguificauce  for  the  c-ouoave  luus  &&  du  the  rveX  foei  for  the 
convex.  The  focal  distance  is  here  also  the  i-ontrolling  con- 
sideration for  the  deilection  to  vbich  the  rays  from  the  varioos 
pointe  are  atibject. 

Rays  falling  upon  a  concave  lens  from  a  jHiint,  A  (Kig.  331), 
of  an  oltje«!t,ftre  refrauted  tm  though  thoy  come  from  the  point. a, 

on  the  same  side  of  the  lens  and 


FlO.  itSV.  — VirlunI  Fncaa  q^  u 


Pici.  ^1.— Virtinl  Invguof  ■ 


lying  neartir  to  it  than  A  dooa. 
An  eye  looking  fnim  the  other 
side  through  thu  lens  receives 
the  rays  from  the  object,  A  B,  as 
though  they  had  been  nont  oat 
from  the  minijied,  creett  ttriital  image,  ah.  Concave  lenses  funiUb 
only  virtual  images  of  (dijecta,  Ijochusc  ihoy  iucrease  the  diver- 
gency of  thti  [wncril  tif  niys  emitted  by  a  |)oint,  or,  tei-hnicallv, 
they  "  disperse  "  the  rays.  For  this  reason  they  are  somi'limes 
called  dispcraitm  hthsea.  Only  conTex  lenses  are  ctti«ible  of 
gathering  the  raya  from  a  point  and  bringing  theui  again  into 

•  single  point,  and  tbey 
hftvo  from  this  propertv 
been    diluting ulthetl  an 
"35  eondensituj  letutx. 


Kic.  'iSi. — Compaction  of  Foc*l  Dittaiiee. 


The  angle  wbidi  Ihe 
front  HiirTaco  of  clw  leas 
(t'i?.  33:2)  (bmu!  at  tlw 
.  Ifiui;  U  a  dinUiice,  KP  =  l;  from  t)je  n\h,  with  the  opponto  poiia. 
of  the  tiAck  Burikre,  or,  wliot  ia  tiie  name  iiiiii£.  Uie  reoucting  iin^« 
cenwpcm^bg  to  tba  point,  K,  in  equal  to  tha  mi^tc,  OKL,  between  I&6  rani. 
CE  =  r  and  C'E'  =  r,  draira  from  dte  1>oiD^  K,  to  die  respectl¥e  ceotra  of 


I 
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curvature.  C  and  G.  Ttic  angK  CKL,  being  the  external  angle  of  tbe 
triiinKK-.  ('KC.  oiitaln  y  +•  >'.  WliBii  lliwc  (ntnl  all  other)  ang^les  are  Fmall. 
xtiil  llic  iJiickomn  of  ttio  lens  in  iiicouiiiileniblo  in  compcTuoit  with  tho  nulij 

of  curvAtiira,  tinwa  anglos  out/  be  ex|iroiwe<l  Ihiw:  y  -  -  anil  f'  =  -|-    l^'o 

rcrntctinf; allele. e>iiiract«miDKt])«  point,  K,  ih,  thorerun.-.  ^{~  +  t).  The  de- 
viation proilucetl  by  n  jirism  is  now  equal  to  (ii  -  1)  timw  lt«  rerractinK  aiinln 
(aj9).     Each  my  utrikiiig  ilic  niirfucc  at  the  point,  K,  HitfTen  ihir  dimection 

*(b  -  1)1  -  +  p  I.  wliich  ifl  iiroimrtlonal  to  the  tlistnnoa,  k,  from  Iho  imncifial 

axl&. 

TliH  my,  SK,  paraiiot  to  tho  principal  axis,  hcing  cleflocted  lo  the  foona,  F, 

tc  k  k 

nndeTgoo*  the  oJinrise  of  tlircotion  ^  =  ^y^,  or  *  =  ^,^^„  or  *  =  ^,  since,  by 

ruaton  of  Ihe  flmali  raluv<  of  the  a^ni^lo.  and  of  the  Ihii-ktiviiK  of  the  lent,  tl)« 
fiical  dintancD,  t'M'  =/,  way  be  substituted  for  FK.     Tlwre  result*  then— 

nnd,  for  tbo  doterroiTiAtion  of  ti\i-.  focal  (Jl^tmuvr,  we  ha\-c  tlic  cqnationu 
(I)  -=  (m  —  r(-  +  -;  L  which  \»  in  no  way  nltereil  by  intenrluiiiging  r  with 

r',  HJinwing  ttionihythAl  tlicTucal  distances  on  both  side*  of  the  lens  are  n^aal. 

Tho  formula  nhowii,  furtlier,  that  the  foctis  de|>enda  not  only  npon  the 
farm  of  the  kiM,  bnt  aliiu  Q)mi1i  the  index  of  refraction  of  the  snbslanoe 
compotins  it.  Vox  n  hi-conxex  lens,  with  e^iial  snrfacce  {t'  =  r)  coni|>o^ 
of  ordinary  y^tan  {n  —  lH),  for  instsinco,  we  titid  from  this  formula/^  r, 
and,  for  a  plaao-LOuvi-x  (r'  =  «),/=  ir. 

A  ray  trom  the  point,  K  (Pig.  ^133).  of  tli«  axiK,  And  pnuin^  toward  the 
conjugate  point,  8,  undcrsot:".  "t  t'«  pcint,  A.  of  tiie  lens,  llio  vliaiigc  of 


Jt    f 


Pl0.3Sy.— UutttrmiunttODurihu  pnaitioii  orCuDjUBKle  Point*. 

direction.  y  =  u  +  a,  vhich  la  iIho  eiiiial  lo  tlio  defleotion  of  the  ray.  NA, 

Iiarallol  lo  the  axia,  and  paaainx  through  tho  focua.  F,  on  tlio  other  aide.    Wo 
lave,  iliKH,  a  -t-  tf  =  f .    DeniRnatinR,  now.  the  dtitance  of  Iho  point,  R,  frotn 
Uio  loD8  by  a,  tliAt  of  the  point,  S.  hy  ft,  the  focal  iti«tanec  l>y/,  and,  dnallv, 

as  before,  tli«  dtttauco  of  tho  point,  A,  from  the  asi*  hy  k,  we  have  *  "=  -■ 

fl  =  r.  ♦  =  7.  and,  pon*e<iiicntIy,  -+  r  =  7'  ^'^^  **  obtain,  as  tlw  relataon 
l>«lwo6n  tJie  ooqingate  pointa,  the  oqnaLion — 
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wtiiob  in  the  ta,taa  U  wm  faunil  above  (3^»i  for  tli«  BjJi«rl«a]  tntrror,  ud 
lieacfi  ft  bring*  out  tL«  atuklos)'  1>ctm>«ti  minon  Atul  Icusu. 

KqiiDliotii  (I]  and  {21  hold  nvc  vnlv  for  tbe  ooitvex  IcnR,  Lot  far  any  fom 
vf  IciiM  wliatevur.  provided,  thot  Tor"  lie  radiHS  of  ourvalnrc  of  a  plknc 
surface  iufiuily  («  )  ia  tiulnLitutei ;  for  n  coucnire  Aurficc,  ft  nf^tive  ;  aai,  for 
iJiQ  conv«i,H  ]JU!iilivo  valut.-  in  Uki^ii.  Avcuriliii^  *>•  llio  va.)iK'  of/  m  fbuntl  «■ 
be  jKHiliM-,  IT  iiigiilivafrunj  k>niiula  '1/,  tljt:  )i.-nii  iiOMCtM*  rc«], OTvirUMlfoci. 
981.  BafruUoB  ^r  ^  Ipboloal  SvfBO*-— Tliv  propwition  rbnt  boioo- 
ccnlric  ([Ki'^aiiii;  tliroiicli  n  ^illKlc  iiolnt)  royw  remain  lioinocentric  iftar 
rcfniciloii  tii>]'l!<,  nut  nlijni;  fuT  ff)t*et  willi  twu  »)jhi-tical  eurfoces,  but  i1  in 
ti|iia]lv  iruu  fur  uavli  iudiriduiil  »{)lion<.'«l  nurfaco,  provided  ItH  curvature  b  not 
tDif  Al>rii|it. 

i'or,  if  Lwii  ditt'eroiit  uarjn|!areiit  media.  Iiaviiic  (be  rcspcclivo  indicc«  of 
refntrtion.  n  und  n ,  iitc  MimrAicd  hy  n  splisHcdT  Mirfai:e,  MS  (Fig.  S3i\ 
with  tbf  centre,  C,  and  riuliiix.  i*S  =  i-,  tlir  •.-mtral  cny,  AC,  fivin  the  publ, 

A,  nlnkl'!^  ut  llm  "  \i!rtc:(,"  S,  |>«r|ien- 
fliculnily  10  ibc  f>urrai)e,  aad  Buflera  no 
dietlMitioiu  On  Uic  oiUcr  hand,  the  nj, 
AM,  iuctincd  to  (li«  taut,  AC,  at  the 
anglo  n,  in  Tofrrvcti'tl  ol  tlic  mint,  M, 
1««-Brd  MIt|  Aiii3  ititcratctn  tliu  centra] 
my  (tlir  inia)  in  H  ut  tlio  «»kI«,  A  Its 
|Mlli  in  tlnin  fintiid  by  doCemiiiLiiyc  the 
ande  of  icrmdiun.  a.  frum  the  Uw.  a  tint  =  ii'ainl,  conrntonding  lo  tlie 
uipe  of  incirlviicc,  y,  hwtweim  AM  and  tbc  tionnal  CM.  wbicn  is  iDcllued  to 
Aie  Ax{«  lit  nil  nii;;)e,  />.  If  nil  tliew  angliw  nre  itnall.  the  simpler  law, 
ny  ~  '•'B.  nill  ftiifilcr.  Fr>.irti  elie  Hkotk,  it  m  aem  itiat  y  ~  a  —  p.  taa 
>  =  p  —  6.  t'tiiiwiiifntly,  »B  +  Fip  -  nV  —  ii'B.  or  iis  +  n'jS  —  (»'  —  »)f. 
Duaigntdng  AS  by  .i,  Bfi  by  h.  and  die  nnall  im-.  MS,  wliich  may  Ik-  resided 
as  ■  etmiglit  Hud  jierpeiidicular  t<i  llii;  ii:iiif,  iiikI  ih-iiiitlti^  Uie  dintaiHXi  of  tlw 
jiiiril,  M,  frofa  the  axis,  or  tUtr  vprtex,  8,  by  jb,  tlie  itmall  iingleH  mny  be  a^iin 

•■xpresw^l  ns  follow*  :«=  i,  «=*.  =  *  iu.d  we  obt^n  -+"'*=  (^''"^ 

"P  -  +  t  =  ^ • 

The  diMpfiearmic-c  of  the  nrc,  k.  fniin  th«  equation,  ui  a  matbcniatica) 
"Utamenl.  of  ihu  |)niid]dn  that  all  llio  rays  from  th«  )>oiril.  A,  jmk, after 
rrfmetion,  tbroufjh  llie  iwitil,  B,  niidur  Ibe  nwnim|>ti<>n.  linwfi'er,  tliat  the 
on*,  k,  K  ttnrticiciilly  Mtial!. 

The  latter  equation  may  be  kUo  writlt'n  l)iu»— 

*"       -I        ">      _| 
—  *i)ffl      (m'  —  n)h        ' 


Sarfocfl. 


i» 


«r,  if  for  brxvitj-,  ibe  cuiitsunt  niagnitudeK  Kre  vfrnbdifM  tfana 


Wti  have 


, —  =/iuid-;    -  k/; 


For  u  =  at    it  f(>I)u<v«  frtnii  tlitx  that  h  ^ /' ;  for  fr  =  k  ,  a  a^;  tliat  i*, 
Iho  poini  of  condenuitiou  nf  my«  (laTallel  to  tne  uxm,  when  oorab];  from  lh« 
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lafi,  liot  to  tlio  rigkt  Ait>t  ot  «  tlieUacc,/',  from  Uw  vertux,  nn-i,  aiiailarl;. 
iha  point  twijug^te  to  tUt  at  nn  iiifii»i(e  JwUiicfi  townttl  the  riRtt,  )ie»  ft!  » 
diat«ii06,/  lowiinl  tUc  left  wf  tlio  minoi".  The  diatancts,/  uiid/',  are  ctkllo) 
the_/Sr»/  aii-l  tilt  twrid /iivtii  4i4(atv>t». 

898.  tfitema  of  haun.—Aiiy  taUtrtr/  number  of  apbcrical  Gurfftccit  with 
ci?i>tr-.i(  lyiijn  itiMni  a  otiiiiRlit  liue,  cidled  tbc  luw,  Uie  inlervuning  npBCC*  of 
wbicli  arc  tilled  ivith  aiiv  refractiDX  iii«diA  whaten^r,  constitulcs  n  ly^tem  q^ 
icinui  for,  ciicli  pprtion  beiui;  included  between  two  coiutecutive  t^pliencal 
aurfacos  "">)'  Ijf  regarded  m  o.  Iciw  lof  arbitrary  tliickoftM).  With  urdbflry 
vptical  inntruniL-Mts  (microiscaiic,  tdci>copo,  ctc^,  which  an  coropoecd  of  glosfl 
l«n»ea  haviii;;  ti  Cdinuioii  iirii)(.-i[inl  n\in,  tlie  icfractiiig  mcdiu  ore  c)trniate 
layers  of  gUss  mid  air.  On  thtr  Mippovition  tlmt  all  the  iay»  form  Mniill 
angles  with  the  axiA,  u  liuiiioi.'eiiLi'Ii'-  lieam  in  t}ic  first  iDcdrtiin  ]iaNsivi  liuniu- 
vcntricolly  into  tlic  la«I,  Mnr*,  at  t^acli  ivrmclioti  on  tll(^  CiiiiK-ciilivc  t^jiliericiil 
Hiufaocs,  the  IxMiia  roniaiiti:  lioiuocrmlric.  To  tiie  iiiridiciil  ray,  AM,  parallvl 
to  the  axis  in  tJic  f!r»t.  inciliun]  (Tis.  5.151,  Hii|i|iti->i>  I'ti^  <oi\i»f;atc  ray,  MT', 


M' 


A' 


Fi<i.  83S,— l'rinoii«il  PoinU. 


lo  corri-hpuiiil,  oit'l  to  tliu  nty,  \'M,  niinillel  to  the  nxis,  and  coming  fronii  Urn 
u|i|>0RiUi  (liroctlon  uutortho  lut  inodiuni,  Ivt  lUF  i-arrtKpoiid  uconjngaU  ny 
in  tlio  And  raedium.  Stnco  each  nty  jnmnica  neccwarily  tlie  Bain«  ronne 
when  paaring  id  the  opposite  direotion,  tt  may  be  said  that  llw  rays,  AM  and 
MK,  [vasranf;  ttiroiish  tlii>  |wiiit.  M.  in  the  fmt  nicdinm,  paae  Bha  tlitnngli  the 
poiDt,  U',  in  llic  IasI  Tiifrhuiri.  M  ntid  M'  aiv.  tlierefure,  ooiyugtl*  points,  and 
the  piuiw,  HH  nnd  M'H',  pnJHing  through  tliOTD  pOTTwndieularly  to  tlic  Axia^ 
nro  cmjHgait  jJaua.  There  mi',  aorordlnfjlj.  In  emr  IcnR-ayileni,  tiro 
(W)iijiggat«  piano*,  pcr])«ti<]i(.-tilar  to  the  axis,  nnd  of  <nioh  clunuAer  Oist  tho 
luiint,  M',  of  the  otic,  wliieli  U  conjiiffat*  to  i  point,  M,  of  the  otiior,  lias  in 
a  atruiiilbl  line,  M)!',  dmtrn  Ihr^ifi^li  M  parallel  to  the  itxia.  Any  figure 
located  in  on«  of  tbeso  pkiiot),  jtivm  rise  lo  a  oongroent  initig«  mmiiarly 
Rlliiflted  in  Ibe  oth<>r,  liAiiKt  !1840i  called  tbcw  plAnw /^rinw/w/ f/zwi**,  ana 
their  points  of  iiH«T»cction  with  llio  ftxin  (1!  and  ll'j.  ftriaeipal  point*.  Tho 
<l))<t«nc««.  FIl  =/mid  K'll'  -/'  uf  lb«  fo<-i.K  and  F,  from  UMCOTTMponding 
princ!|>ftl  points  "^^  tlie  firti  uiid  ateond  foced  dMaueet  of  tho  lenani^nMB' 
With  a  doiiblo  <.'Ou%'«x  I'^n*  ha\4ni;  &iiial  faooi  and  an  ind«x  of  refrattion  of 
1-5,  ttte  )>nnci]>nl  i>vtiitR  lie  iiwidt-  of  llie  glaM,  and  about  \  of  th«  ihickncKK 
of  tb<3  leiiN  from  ib  vert«i. 

If  the  principa]  potatj)  and  foci  of  n  letiMyaton  ar«  givon,  it '»  oMy  lu 
find  for  any  pwnl,  A  (Hr.  JWfi},  in  th«  firet  mfldinmi.  Ih*  coijiugnle  potnl.  A'. 
in  the  lut;  for  the  ray,  AMM'.  unratld  to  tbc  a:ti>,  patwcn  from  M  t)iTOUf;b 
the  fociiXiP',  while  the  ray,  AF3J.jNi.MinK  llirongh  Ibn  focin,  P,  nro<.-oo<b  Gtoti 
N  parallel  lo  the  axi«,  ami  eut*  thv  ray.  M'J",  in  lhc|>oinl.  A'.  wliicbiaaoaj^iU 
If.  now,  we  indieale  the  di»Un(<es.  AM  and  A'N',  of  the  puinln,  A  and  A', 
from  the  eorreKpondin^'  |irir)Ci{)al  plane<«,1>y  a  and  «',  and, further, if  wv  denote 
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Mil  l>v  h.  Nil  by  4',  lUoro  resnlt  from  tlic  trianglas,  KHN  and  AMK.  t"*Ii'W 
»ucl  A'N'M'— 

/-     *'     /  =  _»_ 

a     Jm"ii'     JH-A" 
cionfie(]iicntlv — 


"»lood»^ 


Fie.  S8S.— Conjo^te  PoinU  Ln  a  S^sUu  of  Lenses. 

tr  tho  lirst  and  Innt  medb  ara  of  llie  utdo  coDstilut!ou'(i^,  air],/'  =/, 
aud  ll]o  rureg^tog  c<|uutioii  becomes — 

a      a     J 

Pot  Encb  a  lonKtsyutciii  (anil,  accordinglr,  for  a  Iciu  of  arbltniry  : 
also),  the  MiDC  cciiinlioii  hnldH  for  dii-  conjngiile  iwiiitx,  wlilcti  waa 
ftboTsfor  tliin  IciiMW,  p)-ovi(leit  (Aat  the  ditUnmt  a,  a',  (um/  f,  &e  ndamei 
from  the  jtrineif»il  puinU,  or  principal  f/attf*. 

In  Fi|i[.  337  hiii>(idi«  as  beiara  the  \xylM.  A',  eonjuimle  to  A,  to  be  known. 
Draw  M.\"  iiamllel  to  M'A'.  and  a1«n  tli«  dinironni,  AA".  of  Ibc  qitadriUUTal 


Jir 


«r 


Fio.  337— Nodva. 

AAIA"N.  To  the  point,  m,  wli^ro  thoac  ni«et  tlic  6rst  (trinoipal  plau,  thfr 
point,  m',  In  tho  second  piano  will  Iw  coiiJtiKalc,  mm'  bciiig  drawn  pAralUI  t» 
lli«  axis,  Sinoo.  howoTor,  A'  in  conjugato  to  A,  m'A'  is  Uio  otnM^itt  rsy. 
corrcitpondioK  to  tb«  tnoidont  ray,  Km.  Sinco  mm'  io  pamlkl  And  «qaal  to 
A' A"  (or  MM'},  mm' A' A"  is  n  partLltdogaun,  and,  coDaoquwtlj,  mA'  !» 
Iinral]«1  (o  Am.  The  pointa,  K  and  K'.  wKere  Uie  coi)jn^i«  rays,  Am  ami 
m'A',  cut  the  oxitt,  aro  colled  noc/oi.  Tlie.v  poeueM  tm  obeiwiieriitio  tlwt. 
ta«irery  incident  ray  pawing  tbruugb  Uie  Ant,  tberaeoTreapoodsaaeaieigeiit 
rnv.  pamllcl  (o  the  incident,  and  imsHiii);  tbrou^L  the  vecoiid  nod«.  Ytwa  Um 
fitiriiTc,  it  is  evident  tli*t  KK'  =  liU'  and  UK  =  UK'.  If  tho  firat  and  iMt 
cnvdia  arc  of  Uiv  mmo  conilitiition,  the  ikhIcs  and  princi[ial  pdols  coincid<-. 
Fvoi,  principal  puiiits,  and  uodu^  oiu  catle<l  the  ntminai  point*  of  the  Ivti^- 
ftj-slem. 
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333.  Spherical  Aberration.— What  has  been  Sttid  thus  far  of 
leoMes  holds  ]r(x>d  only  in  rase  the  curvature  of  the  stirfaces  in 
lUight,  or.  what  amounts  to  \\w  SHnic  thing,  in  <•»-•"■  the  apprivre  w 
Biuall.  By  the  aperture  otV  leiw  surface  Ls  im-aiit  the  angle  inliT- 
ceptoil  by  8trai{j;ht  Unca  drawn  from  two  diainctri<rally  opposite 
points  of  the  edjje  to  the  eentri*  oi"  th«  sphere,  of  whirrli  tht-  nur- 
fscc  la  a  jiftrt.  When  the  aperture  in  large,  the  rays  striking  the 
lens  at  it«  edge  (VW,  Fig.  liSH)  ar(>  more  strongly  di>tle4;tf  d  than 
are  ihutie  at  tb»  centrv.  Tliey  iDt«>i5ect,  therefore,  at  a  point, 
G.  of  thr  axis  lying  urtircr  the 
lens  than  the  focua,  P,  of  the 
central  rays.    The  diatanco,  FG.    3Z 

is  eallod  tb^.'  longitudinal  tpheri-    

tal  aberration.      Since   the    rt*-    * 

fracted  beam  is  uo  longer  burao- 
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centric,  but  the  leai^t  |Hissilil(' 
frwas-section  of  it  la  a  Kinall 
circle  [cirdo  of  leaet  confutioit].  sucrh  a  lenx  cannot  produce 
dislinet  images.  To  bring  the  peripheral  ray?!  to  the  point,  K, 
the  aurfauem  of  the  l«ns  must  be  given  a  form  diHering  mme- 
what  from  a  sphere.  The  imperfeetion  due  to  thi«  eanse  it. 
<-ttiled  th«  error  of  aberration  due  to  the  tpherieal  form,  or 
tpherical  aberration.  But,  sinrp  foreai-h  distance  of  the  Inminoiw 
|K)int  thi;  AurTaecn  would  reiiuirt^  a  H[>oria]  form,  tho  spherical 
surfaces  are  preserved,  bnt,  by  a  suitable  choice  of  the  radiuit 
of  curratiire,  the  deviation  of  the  rays  are  made  as  nnall  a^ 
pOBsiMe. 

d&4.  Uioroscopea  are  apparatuit  for  magnifying  small  objects 
sitnated  ne-ar  the  eye.  iSince  a  convex  lens  of  .short  foi-al  dis- 
tance magnifies  an  object  placed  within  its  focius  anrb  a  lens  Is 
also  called  a  microseope,  but  is  distinguished  from  others  by  the 
adjective  tivtple.  The  compound  micro<scopo  (Jansen,  15W>)  has 
a  far  higher  eajMibility  uf  jterformance.  It  consists  essentially 
of  two  concave  tenses  (ab  and  cd.  Fig.  •'^D),  one  (ah)  has  a  very 
short  focal  distance,  and  being  tiinied  always  tnwanl  the  object, 
is  called  the  objective.  Itl'onusat  lC8an  inverted,  magnified,  reel 
image  of  the  small  object  (ra),  situated  in  a  pooitioo  a  littb- 
beyond  the  focua.    This  image  is  viewed  by  rai-ans  of  an  aye- 
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lens,  or  ooular  (cd),  which  fttniids  nr-srer  tbti  image  thau  its  fucal 
distance.  Tlie  image  tluiii  Hpix^aK  precisely  lik<^  &  sclf-lutninoutt 
<>l>jo(!l,  Aiid  is  seen  a  wcttti'l  tinip  maf^iiitied  nt  It'S'  mi  a  viriuai 
imafff.  The  image  H'S'  liiiHlly  i^een  han  »  j»i»iitiuu  opjHisite  to 
that  o(  the  ohjekl,  rjc,  k(i  tliat  olij^cts  wen  iu  such  a  microscope 
are  iuverted.     Kig.  S-H)  shn«x  the  oxtenial  arrangement  nf  an 
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ordinary'  microscoiM*.  The  («iilar,  a,  and  the  objoctiTO,  h,  an* 
<>ni'Bwd  in  a  vertical  Ihtlss  lnl)p.  which  is  movnhlo  with  gentle 
fritrtitin  uithin  the  brawi  crlindiT./.  The  instniment  is  ronghly 
fociissed  by  i^lidiug  the  Airmcr  tube  Iwck  and  forth  in  the  latter. 
I'"incr  f'x-ussinis;  may  bo  ac-^Mtmidi^hod  by  turning  Iho  tniUe*! 
head,  r.  Ordinan.-  transjiatent  objwts  are  placed  upon  a  plate 
fit  glaM!  which  lic-K  n])on  the  little  table,  ee,  and  are  illnminatocl 
frum  below  by  nieaiiH  nf  a  niirrur. 
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335.  Telescope.— Aiiyin*tniaient  by  which  wmoteobjectn  are 
luade  visible  imder  a  ki^er  TimiaJ  angletban  with  the  naked  eye,  is 
'CftUed  A (e2eac«'j>e.    'iLha  Kepierian  (Itill),  oran/ronomica^/ti^sacDjw, 
ocHLsiiila  ewentially  of  two  ojiivex  louiit'B,  a  larger  («»,  l"'ig.  311), 
<il'  bjiijfer  iiH-aX  dintBiice.  ami  attached  to  the  front  end  of  a  tube 
of  suitable  length,  and  a  sniallitr  \vv),  of  short  focal  distance, 
which  is  iniivable  uitliii]  a  »matl  tube  at  the  rear  end  of  the  large 
tube.    Thi!  fomior  lens,  which  is  turned  toward  the  object  viewed, 
und  called  the  o^r/iVt,  casts  an  inverted  iniage,a6,  of  the  remote 
ttbject.  All,  near  its  focus.    The  rays  from  every  point,  .V,  of  the 
objectore  united  at  the  (KirrMpondingpoint.a,  of  the  image.  This 
imafjc  seon  at  a'h'  by  the  second  Ibdm,  the  oittlar,  in  magnified, 
l>ecaiiae  it  lie«  within  the  focus  of  rv.     The  inversion  of  the 
images  of  objects  is  of  no  aeriouH  disadvantage  in  observing  the 
Ituavenly  bodies,  in  snrvcyiu^,  eti-.     The  value  'uf  the  Keplerian 
.telewwpe  for  these  purposes  is  very  materially  increased  by  the 
^<>-catled  reticU  (Au^ont,  1667).   Within  the  tube  of  the  ooular, 
«t  the  plwe  where  Ihf  imago,  Jw,  is  formed,  two  perpendicular 
spidor-linc-H  tire  stn-ti^hed,  which  intersect  exactly  upon  the  axis 
flf  the  teleR(*i i(>e,    AVhen  the  image  of  a  remote  point,  e.g.  of  a 
jttar,  is  rtecn  at  tbe  p<jint  of  intersection  of  the  threads,  the  axiit 
ut'  the  tehr8(x»i»e  w  direrteil   exactly  towanl  that  point,  and 
the  [Kwition  of  thifiasiiH  Im-att^K  the  lino  of  sight  drawn  from  the 
«ye  toward  that  )>oiut.    Kepler'ti  teloecopo  forms,  therefore,  the 
vime-tvhe  in  all  inslrinucnts  for  the  measurement  of  angles.     Aa 
an  eMunple,  the  M«or2o^Vc,llscd  to  measure  both  vertical  and  hori- 
zontal angles,  may  l>e   cited   (^cf.    Fig.    136).      A    horizontal 
•lisk,  movable  about  its  centre,  carries  a  telescope  which  may  be 
revolved  abtint  a  horizontal  axis.     Two  diametrically  opposite 
veniiont  of  tbe  movublr  lundi-  indicate  u)H>n  a  circular  ring 
:«iirroum1ing  it  and  gnfbiated  U>  degrees  and  their  fractional 
^Htrts,  the  value  »f  the  horiz<nttal   angle  through  which  tbe 
iiMtriiment  ha.«  been  tnnied.     A  vcrticAl  circlu  attached  to  tho 
horiximtal  ax  is  in  a  .niniilar  way  {lennitM  tbe  reading  of  verticid 
angles. 

\Miile  the  iuv«rt4Hl  {Mwitiou  of  tbe  images  ts  a  matter  of  no 
<>oui»e(|iienoe  in  astronomical  olucrvations,  and  for  fiighting,  it 
18,  nevertheless,  a  drawback  in  the  direct  scrutinizing  of  remote 
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terrestrial  objects.    This  difficoltj  is  obviated  by  replacing  the 
astronomical  ocular  by  the  "terrestrial,"  vhich  is    a  feebly 


I 
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magnifying  microscope,  composed  of  four  convex  lenses  placed 
within  the  same  tube.    These  lenses  again  invert  the  image. 


The  telescope  pruvided  with  siir-h  an  eye-piBce  U  caIIoiI  a  terrm- 
irial  telescope  (Schyrl,  Ifl-lo;  De  Rheits.  1065).  Ohjoota  nre 
also  seen  erectl  with  tho  Galileian,  ar  Holland  leleiccjte  (Lippor- 
«bey,  1608 ;  (>al)loo,  1609).  In  this  imnrtiment  the  real  imogv, 
ba  (Fig.  342),  vrhieh  tho  ohjoctive,  oo,  tends  to  form,  is  not 
actually  pntduced,  t>(>i>Hiise  the  rnys  cuuverging  toward  the 
im^o  fall,  Ix-'fure  ruachitig  it,  u{xm  tho  concavf  lens,  vv,  acting 
ait  ocular.  This  lenB,  whi-ii  so  placed  that  ba  lies  oiitfiide  of  thi« 
focal  iliatance,  spreads  out  the  tays  until  they  ap{>ear  to  come 
from  the  erect  image,  ab.  In  Fig.  342  the  paths  of  the  mys  for 
the  point.  A,  of  tho  ohjei^t  are  clearly  Eihown.  Since  no  real 
imagt^  is  formed,  mi  rftiole  c«n  be  nued,  and,  therefore,  fialilen'« 
telescope  U  not  adapted  to  prcriso  mcHsurcmeut.  Here,  m.s 
with  Kepler's  telescope,  the  focal  distance  of  the  ocular  luust  be 
less  t-han  that  of  tho  ohj(!L'tivc.  Since,  with  his  Instniment,  the 
two  glaaaes  ore  separated  ftpproximatwly  by  the  (lifference  of 
their  focal  distanuea,  Galileo's  tele9CO[)e  differa  from  Kepler's, 
where  tht'  objective  and  the  or-ular  are  separab-d  hy  a  duttance 
erjual  to  the  sum  of  thfir  tWal  distances,  in  that  it  is  ransider- 
ttUy  shorter,  and  is  therefore  speci- 
hIIv  w'II  «iiit4Hl  for  uaeaM  a  weakly- 
magnifying  pocket  teleseoi*,  or  as 
au  opera-gla89  (magnifying  two  or 
thrco  diameters),  or  as  a  tield-glass 
(20-30  fold  magnilirBiitin).  Fig. 
343  shovrs  the  arrangement  of 
the  onlinary  <>[)cra-gIafU  nnod  at 
theatres.  Within  a  tube  carrying  at  its  remote  end  the  objec- 
tive Ions,  oo,  a  collar,  h/>,  oa,Iled  an  adapter,  is  screwed,  into 
which  the  tube,  e,  with  the  ocular,  aa,  slides  with  alight  Iric- 
lion.  The  nearer  the  observed  object  is  to  the  oIhsitvlt,  the 
farther  miut  be  draw  out  the  ocular  tube  to  obtain  a  distinct 
image. 

'llieso  tele!(co|]es,  which  are  coiuHnicted  of  lentiee  made  of 
gloss,  are  called  dioptre  tdeteopcs,  or  refracton,  the  latter  term 
tfing  more  .specially  applied  to  the  largo  asthmomical  instr'i- 
nieikls  of  thi)!  ]iatt<>m.  On  a'^connt  of  the  similar  lictiou  of  convex 
lenses  and  c<)m»ve  mirrors,  telescopes  are  oongtrueted  in  which 
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Fh-..  »H.— N«vlon*«  Belleolor. 


a  couuave  mirror  aasnmes  the  n'le  nf  tbe  ubjwtive.  Kin^h 
itutnimeiits  are  called  rejleeiituj  tchteoi>»,  eeUhoptrio  tete»eope$, 
or  Ttjfiectora. 

Tho  arrongomont  of  tho  Sevftonim  refiteting  telttoope  (166:1) 
in  e\idoi)t  from  Kig.  344.     Tho  <innif«ve  luimw.  plaoeil  at  Oie 

iMittiiiiiof  anopeit  tiilx- 
uf     siiitAble      IcngtU. 

»    ^'j7^---r~" ■  tends  to  coiivergfy  thb- 

rays  of  light  from  a 
UJHtaiit  object  inln  an 
Itiverteil  image  at  a. 
Before  the  rays  are 
foeiissecl,  hiiwever,lhi-y 
arc  reflected  from  a  plane  mirror,;'.  iuclJiied  at  an  Aiifi:Uror45*ti> 
the  axis  of  the  tube,  so  that  t  lie  imaj^  actually  I  ies  at  b.  It  is  then 
x-ian-e^l  by  ineaiiH  of  a  convex  iwular  plat*d  in  tho  latter  oritice. 
The  refleL'tinu  uf  ihn  imago  toward  the  side  provoiits  the  low  of 
li[rht  from  the  mirror,  ss,  nhich  iroiihL  ensne  if  tht)  bead  nf  lUtt 
obserTer  trere  in  position  tu  view  the  inia^,  a.  directly  from  the 
front,  hi  the 'jtant  telescopes  oi  Uerschel  1,1795) and  I/onl  Uo(»e. 
whose  mirrors  had  dtamotew  of  from  one  to  tv/a  motent,  tho 
aecoiid  mirror,  and  eonsequontly,  ahio.  tho  losa  of  light  due  toitf 
wafl  aviiidexl  hy  the  following  riruple  and  elective  nrtifico.     Th» 

(tincavo  mirror  (w,  l-'ig. 
345)  is  innlitied  slightly 
to  tho  axix  of  the  Inhd, 
so  tliat  tlie  imago  forms 
near  the  eflgo  of  tbC' 
tube,  and  h  there  «li> 
Nerved  by  mcam  of  au  oyopiece,  a.  With  this  construction, 
of  course,  tho  bead  of  ttio  olxierrer  interreptA  mmu  of  tlity 
light  ctitcring  the  tube,  but  by  reason  of  tho  largo  diameter 
of  the  niirnir,  this  loss  is  of  littJe  ctonsefjiience.  Hersohel  «illc«l 
his  instnimeiit  the  front-vifno  teletcope.  With  Newton's  reflector 
tho  observer  has  tbe  object  at  his  side,  while  with  the  front- 
view  telesco^ie  he  turns  his  Uk-Ic  to  it.  Thu  circumslaturfs  that 
(Ui>ect  vision  is  imi>os3ible.  and  alao  that  the  images  are  reversed, 
make  thutto  itmlruments  uiLsuitable  for    otiscrviug    terrestrial 
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objects.    Theso  iiicouvciu«iicfls  are  avoided  lu  tiie  GregoHan 

rfjiecfor  (ItiOS ;  Fig.  34«).    The  i-oncavo  mirror,  M,  is  perfomtwl 

at  its  nontre,  and  th«  (w-iilar  is  pUwl  in  the  sttibII  tiil*  Whiiid 

tliiH  aperture.     An  inverted  image  of  a  rlisiant  ohje«.'t  is  forme<i 

Rt  a,  a  little  heyood  the  focal  distanco  nf  a  small  coiira*-e  iiiinrur.  v. 

The  latter  fntms,  at  h,  a  ^^^^^^^^^^^^^^^ 

second  inverted  image,     -r 

which  is  erect  with  re-    A.         }-  ~  r .     —      ~=^ 

spectto  thpobjetTt,   The    j . .  — r^~"—  ~  — 

image  at  i  is  then  vieKed    ^..       "      ' 

through  an  ocular  serv-  pm.  AK.—tingorj't  Bcftictoi-, 

ing  merelr  as  a   mag- 

aifier.    The  iostrumeat  is  sharply  focu^sed  by  uieeiia  of  Uie 

rod,  tnit,  which  carriet)  the  small  mirror,  v.  back  and  forth  by 

meaos  of  an  ^ndl^sft  thread  cut  un  it«  up))er  end. 

In  the  constriK'tion  of  very  large  iiwtnimente.  reflectors 
offer  some  advantage  over  refractom.  Hmall  relleetiug  telf- 
si;o|jes  were  in  general  use  earlier  than  refrat-Iors.  for  it  was 
ui)t  iheii  imden>t«>t>d  how  ti»  rtei-iire  the  desired  decree  uf  |ier- 
I'ectiou  with  the  latt«r.  Iteflectors,  however,  do  not  fnrnixli 
sufKcieut  iiiteusity,  and  they  cjuiiKit  uow  i>i>in[)6(e  with  re- 
fract^tni,  although  with  ihu  iuTeiition  tif  silvered  ^'lai^K  mirrorit 
in  re(!e»t  times,  their  efSeteucy  has  been  t*ery  luaterially 
heightened. 

The  magnifying  pmeer  of  a  teleiK4i[»e  in  ex|>re»4ed  by  the  ratio 
of  the  visual  angle,  a'mb',  or  amb  (Figtt.  'Ml,  'M'ii,  under  which 
the  image,  a'b',  is  seen  by  an  eye  held  near  the  itenlar,  to  tbi^ 
visual  angle,  AcH  =  act,  under  which  the  iibje«>t  is  seen  without 
a  teleeeope.  If,  as  is  altvayji  the  rase,  theite  angles  are  Ruiall, 
they  are  to  e«ich  other  in  tlie  ratio  of  the  distances  of  the 
image,  alt,  from  the  objective  on  the  one  hand,  and  from  the 
ocular  OD  the  other;  or*  sinceaJf  \»  near  the  Utci  nf  these  leases, 
the  angles  ore,  uith  sufficient  approsUaation,  to  each  other  in 
the  ratio  of  the  fwal  distance,  F,  of  the  objective  to  the  PtkiiI 
distance^  /,  of  the  ocular.     The  magnifying  power  is,  therefore, 

nearly  equal  to  j, 

Since  the  image  uf  a  point  always  lies  upon  the  eonrespunding 


axial  ray,  only  sucfa  points  can  be  seen  by  a  tel«SDops  m 
have  axial  rays  ]<asi?ing  through  the  ocular.  The /«/<{  «f  vtew. 
or  tuiii|)ly  the  ^Id  of  a  telescope,  h,  tlierefore,  buuuded  by  a 
rone  of  rays,  havtug  the  optical  («utre  of  the  objective  for  it« 
vertex  and  the  ocular  for  ita  Uwe. 

336.  Disperaioo. — I>!t  a  beam  of  eunlig^bt  be  passed  through 
K  Mimll  oiteaiDg,  b  (Fig.  347*),  iu  a  window  xliutter,  into  a 
darkened  room,  and  let  the  opening  he  oovcrod  with  a  piw*  of 
red  glawi.     The  l>e«in  will  hf  c*iloured  red,  and  nill  pMdure  a 

bright  red  Bpot  at  d  upon  a  screen 
of  white  paper  interpo«e«l  in  its 
jwth.  If  uou-  u  prism  I  rcpreacnted 
in  outline  at  «)  bo  plaeed  in  tbe 
l>&th  of  the  beam,  the  latter  will 
be  refracted  towanl  the  Ijase  of 
the  priiini,  and  the  red  spot  nill 
ajigiear  upon  the  NcrEK>n  at  r,  far 

1^  ■■  tu  one  miite  of  d.  When  the  npeo* 
Il^l  ing  is  covered  with  violet  glam 
there  appcaxti  u)K>n  the  ncrcen  a 
vitdet  ti]>ot  of  light,  v,  displaced 
laterally  still  I'nrtber  than  the  red,  and  if  a  piece  of  green 
glass  is  used,  the  green  spot  of  light  nill  appear  1>etwe<>n  r 
and  V,  where  the  r^d  and  tlio  violet  spots  ap[«eared  fomierly. 
Hence,  it  appeant  that  liglit  of  difiurent  colours  is  refracted 
by  rliffierent  amounts  mth  the  priflin,  and  that  green  light 
ia  bent  more  than  red,  and  violet  more  than  green.  If  now  a 
beam  of  white  snnlight  is  allowed  to  fall  upon  the  prism  with- 
out  tlie  interptisition  of  coloured  glass,  a  coloured  band  appeata 
ii]W)u  the  screen  stretching  t-ontimioiisly  from  r  to  v.  This  band 
IN  red  at  the  place  wlierc  tlie  red  spot  formerly  fell,  and  violet 
where  the  violet  fpot  was  seen.  In  this  ]niu<I,  stretching 
from  r  to  r,  the  fallowing  succession  of  colours  i^  seen :  rod, 
orange,  yellow,  green,  bright  blue,  dark  blue,  violet  (the  veil- 
known  coloum  of  the  rainbow).  This  culoure^l  band  in  called  tba 
spectrum.  From  ibis  experiment  it  i^  seen  that  whita  Kiinlight 
is  composed  of  light  of  various  colonis.  These  fitmlamental,  or 
priftviry,  voloors    are   refracted    by   the   priam   by  different 
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Pio.  ai8.— ImKlrabilitT  of  the  Oaloun  of 
the  S|Metrnm. 


Bunountrt,  the  refrai:tion  increasing  by  a  regular  pradation  fpom 
red  to  violet.  Pintie  theso  ])rimi»rj-  oolours  fall  upm  different 
places  un  the  screen  corrMpomlinj;  to  their  respectire  refranpi- 
bilitie^,  they  aro  separated  from  une  aiiothor.  This  reuoliition 
of  white,  or,  indeed,  of  any  composito  light  into  its  variouslv 
coloured  coiiatitueuls,  by  rirtna  of  their  different  refrBiigi- 
Iwlities,  is  ctilled  dispermiii.  The  individual  colours  of  ihe 
spoutruni  ciwuot  be  fur- 
ther de(;nmpci»ed,  fur  it 
the  epectnim  is  caught 
upon  a  screen,  AB  (Fipr. 
348).  provide*!  with  n 
small  aperture. -SO  plai^ud 
08  to  permit  onlythe rays 
<»f  oQc  colour  {iixoticehro- 
maiie  light)  to  paw  through,  these  rays  will  !»  refracted  hy  a 
second  prism,  p,  but  not  again  spread  out  into  a  s|)ertrura.  The 
colours  of  the  spectrum,  therefore,  being  incH|«ible  of  further 
resolntlon,  are  called  simple^  or  homogeneotu  coloun.  E»>'h 
simple  colour  on'reapunds  to  a  de6mte  refrangibility,  end  is 
hereby  assigned  a  definite  position  in  the  spei'tnim.  There  are 
then  as  many  simple  ^^olours  as  there  are  rot'raug'ibilitios  within 
the  region  of  the  ep^ctnun.  The  nimibor  of  simple  colours  is 
thus  seon  to  bo  iniloite.  and  they  follow  one  another  at  inappreci- 
able iutervuls.  forming  thus  a  eontiniious  band  of  colour.  The 
above  enUDieraled  iteven  colours  are  only  the  principal  shades, 
whieh  are  distioguishahle  to  the  eye.     If,  now,  white  light  is  a 

fixture  of  the  rariausly  coloured  rays  of  the  spectrum,  1hei«e 
.  if  compounded,ronst 

ipToduce  white  light.  If, 
indeed,  the  spectrum  he 
allowed  to  fall  upon  a 
large  condensing  lens,  I 
(Fig.  3-lUl,  it  focuses  the 
coDvergont  coloured  beam  upon  axcreeu  at/,  where  they  repru- 
dnoe  the  image  of  tho  front  surface  of  the  prism,  in  the  form  uf 
a  white  spot  of  light.  This  spot,  however,  ceases  to  be  white 
if  any  colour  is  bept  out  of  the  mixture.     When,  for  instance. 
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H  8lon(l«T  wedgo-sbapod  picuc  of  ^\ta&  is  interposed  liefore 
the  lens  and  allowed  to  t-ntcb  up  the  red  rays  of  Uie 
wiliiiired  pencil,  those  rays  will  be  turned  aside,  proiliicing 
H  reil  iniaga  upoB  tlie  SL-reeu  at  the  side  oij\  The  image,  y,  in 
which  the  yellow,  green,  hliie,  Hud  violet  rays  Bra  now  blended, 
has  the  BppeurHtu'f  of  h  green  simt.  The  red  spot  mixed  with 
tim  greenish  coluiir  miist  ugftiii  produce  wliite.  Tbia  oociir* 
instantly  at  the  point  /,  when  the  prism  i»  removed.  Two 
e^ilount  H'hifrh  tbiiH  cxiiuplenient  (>Ruh  other  tu  white,  »n>  railed 
rom'plementary  ec^urt.  By  moving  the  Htnalt  prism  gr»diially 
tlimugh  the  entire  length  uf  the  K{>ectrimi.  tither  colours  may 
\w  turned  aside  smx-essi vcly,  and  the  two  iinageit  uptm  the  si-recii 
will  show  an  cntiro  serica  of  pairs  of  4-omplenitiiitury  iTnluun*. 
It  is  found  in  this  way  that  red  and  green,  yellow  and  blue, 
greenish  yellow  and  vtnlet  slittde»  are  muttially  cnmplementary. 
To  prodncn  the  impresxioii  of  white  light  in  (he  eye,  thu 
romblned  effect  of  all  the  t;iil(iiir»  of  the  K^Kirtriim  is  by  do 
means  nci^twsary.  fur  it  may  be  readily  shnwa  that  tho 
combination  nf  twti  simple  colours  may  produce  white.  1 1f  the 
simple  culouiv  the  following  are  coiujtluumntar}' :  re<l  and 
greeush  bluQt  orange  and  bright  blue,  yellow  and  dark  blue, 
or  indigo,  greenish  yellow  and  violet.  In  general,  for  every 
point  of  the  spectrum  from  the  red  end  to  the  beginaing  of  tlie 
green,  a  eomplemeulary  point  may  be  found  in  the  portion  of 
the  spectrum  extenilin^j  from  tho  beginning  of  the  blue  to  the 
violet  end.  The  tipec-trol  green  aloiie  posHessca  no  simple 
complementary  colour.  Its  complementary  tg  a  reddhdi 
piiT|de,  which  is  compouuded  of  rod  and  violet. 

S37.  Ths  Bftiiibow. — Tlie  phonunicmi  of  dis|>en4oi)  Aro  (liapliivitd  bofoK  our 
01  c»  on  k  l&TCe  ecalo  in  the  rambon,  wliicli  may  be  g««n  by  turiunj;  t)i«  h««lc  to 
tht^unolouiletlsnn  (uid  looking  townrd  a  maia  of  cIoiiJb  from  wbtch  TMtukorm 
«r«  EBJKng.  Tho  fomution  of  tho  tiow  may  bo  best  andierMood  from  toe 
following  «]q>orii»«Dt:  U|>on  a  IioUow  tiphen,  a  (Fig.  S50X  or  gln«  fiUcJ 
with  vttor.  suppoM  k  horixonul  bcAin  of  ennlight  to  ininin)^  tbo  diamotcr 
of  which  u>  oquKi  ta  that  of  the  aphcrc,  or  f^roAicr.  upon  o.  ecreeu,  0, 
pUocd  Irefore  the  npbero  and  provided  vritli  a  central  npcrluro  for  the 
nuMf^  of  tbo  incident  nyv,  tboro  «KI1  be  ee«ii  nroiitiil  the  opcnine  At  « 
Mtanco  from  it  o^wi  to  that  of  the  sphcro  from  tJiu  nL-icon,  a  colouiad 
irircl«.  «r  mthor  k  circular  qK>ctnim  with  its  wloure  cuiii.-vntricaJJy  uniuxdj 
the  red  fanning  the  outcnnost,  ftnil  tho  violet  tho  iuuenaort  ring.  Dt^ 
farther  fr^m  tho  outitra  of  tbe  tciccn  a  eocood  circle  luaj  be  seen,  whow 
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culnura  nre  coiialilerably  rainier,  and  onwifcd   in   tlw   ntrctm  ortlcr,  die 

ml  lierc  cuimtitiitiiig  uil>  ijinonnosl,  and  Ine  violet  tUu  ovlofmocl  circle. 

The  former  spitirum  i»  (•'raducetl  by  rays,  Rhicb,  ofUr  ODtorioK  the  Bpberc, 

are  raOoctcd  at  ita  rt-iir  surfuci;  And  pan  out 

ibron^  its  from  nnrfdcir.    During  l}iu  twofold 

nfrao^i)  and  alaKlu  inteninl  tvfleclion,  as 

raprMenMi)  In  Fix-  %M.  the  ray  lit  deflated 

IVom  iu  01  iK'iiu]  direction,  varying  ia  amount 

Willi  tlie  ilUuuce  of  tbo  incideut  from  tbis 

ceiitrid  ray.    By  tlic  cttttral  my  is  meant  the 

my  {iHRtiiiti;  directly  toward  tlio  centra  of  tho 

i]>b«ro.     It  i«  n>llt'(.'ti.vl  imo  it»«If  attho  bock 

8urtiic(.<  of  llio  iii»lit!rn,  nml  KutTeni  no  detlec- 

tioii.    I^awing  awny  froiti  lliiii  cuntinl  ray.  tlin 

ileflecUon  [iicrooaea  at  flnit,  until  at  a  oenaiii 

distance  a  niaximum  vatae  ia  reaohed ;  from 

1it>re  lo  tl)Q  lay  vliidi  pasBea  tuigODl  to  tim 

t'llenml  HiirfAf<.>  uf  tliu  Kp)i«T«,  tbo  doAactiou 

dit]]iiii(ih<>H.   'I'li^  myn  iiiwt  Htiuiigi/ dvflocAed 

Ktribci  ilio  drniiiifoiciicn  of  Uio  c!olour>rtiw 

upon  till'  Kcix'tni  Olid  produce  here  ati  Uluini- 

iintioti,  wiiich  ia  considerably  etronger  than 

\hM   Iff  n  {loiDt  iiiBiido  of  the  colour-ririf^H. 

I'nviiii^  (rum  thu  ni}-8,  whicti  ar^  niaet  de- 

tkcled,  ejibcr  tow-<inl   tlia  caotral  ray,  or 

lowjirdtlio  tanaeiit  ray.lliu  (lellect]0n(diatu|w 

ni  first  v«ry  sioifly,  but  lnl«r  qnit«  rapidlj. 

b'or  lhin   tviMon  iho  ny»  adjacent  to  thoio 

moat  atroDKly  doflcctoil  en  «iitrnnco,  nmiain  nt«r  thorn  alwa  after  exit,  and 

tonaeqneiidy'intenfiiry  tlicir  liuniiioos  efftcL    On  tho  oontmiy.  thoi*  rays 

whioh  impinj^o  at  other  points  of  the  Epbcre  lyins  near  each  other,  pafcuHt  after 

(he  aocond  r«fractit>n,  in  a  ilircn>«nl  pencil  atid  prodooe  upon  tno  mfcmi  no 

i'^>o»iderat>1o  illiimitiation.    If,  tn«rofoixi.  tho  experiment 

Ih}  ptHornicrl  wicli  moiiocKromntitf  light,  i'.«.  by  covering 

iho  n|>crtur6  of  the  hiiluMtat  with  a  piece  of  red  glaw, 

iLc  luminons  appeuancs  upon  the  acreen  reduce*  to  a 

lccI>ly-iUuitiii)at«a  ciicular  urea,  rarrouiided  by  a  briKht 

red  i:in.'U(uri-rt.-uC(;.     The  luiixiiuum  deviation  for  ted  rayi> 

itliL-  hiikIu  lietwfoii  vk  atid  kl)  in  a  Utile  greater  Oiau  42°.     __ 

By  virtue  a{  tiiL-ir  greater  refran^ilitMa,  tbe  otber  layti 

^irc  drawn  nearer  to  tho  direction,  eA,  of  tbo  incident  niy.  p,g     jm  _]£(,f),u^ 

and  product  circles  wboHi  radii  ara  amaller  in  tho  onicT  of   tjnBud  douMe  la- 

ncfran^bility.     The  demtion  of  tlie  violet  rap  i>  nboiit    temal      Refleotlni 

Inu  dvgrcen  loNi  than  lliat  at  the  red.     Wlieu  wbito  dav*    witfain  a  Sphere  of 

light  in  lined,  t)iervr»rc  llie  cirinilur  epeclnun  moat  be   Water. 

niiTTDUudoil  by  red  at  it«  outer  limiL 

The  Mcoiid  coloured  circle  U  cauaod  by  ray»  wfaicli,  aa  shown  in  FI^  351. 
are  twice  refracted,  and  twice  inlemnlly  reHccted.  The  Icaoc  deflecUon  of 
^nch  mya  is  aUmt  61°,  for  the  red  it  ia  slightly  leM,  and  for  Ibo  violet  aoroe- 
wbat  gn-atcr. 

Each  fallnm;  mui(bvpact»  precincly  a-t  the  watur-filled  sphcrr.  An  eye,  0* 
(Fig.  Xr2),  looking  in  tlie  direcLioii  of  o  cloud  fiontii^  in  tlie  rt^un*  of 
ihc  aky  oppoa]l«  the  sun,  will  therefore  receive  tlic  light  retSeded  ooce  on  the 


Vn.  SSO.— Refnstioii  onti  laUr- 
aaX  KeftsellaD  wUfain  a 
Sphtiie  of  Water. 


^ 


648 


EXPEnmENTAL  PITTSICS. 


•i" 


inoor  wrTnce  of  the  drape  with  Rutnciciit  iateonty  for  venibtlitv  Erooi  <>aly 
thoae  drops  ritnaicd  %i  an  aii~Ie  of  aboat  ii°  from  it  puint,  S,  of  tne  skv  lyiii^ 
exaotl;  opposile  to  ihc  hud.  Tbi:  inj^s  coming  rrom  oUier  drofiN  p«n  th«  «ya 
iinobBervGu.    ffincc  tbc  <lTU[)n.  A  A',  Mndin);  Uie  red  nya  toward  0  aro  boric. 

wiittt  farther  Tcniared  from  the  poiat,  8.  Ihaji 
tliC  <lrop«,  ElV,  wUciiCQ  tlie  I«as  strangly 
drflccted  Tiolct  li^tit  procoods  to  iho  uye. 
there  U  seen  a  cirt-ulor  ore  with  ita  OMilre  It 
the  p9iDt,8.i[)«hidi  iliv  culniireof  tlie  speo- 
tram  are  armngcil  ctinccntriirAlIy  in  the  onler 
or  their  refmi^biliticii.  and  tlitu  we  »ec  the 
./tra(  or  prinuxry  hom.  The  mvdi  Ikinler 
■ecoiidary  bow.  witli  iia  iweracd  sitcc««mi 
of  coloun,  liOB  at  an  angli:  of  51*'  from  the 
noiDt.  S.  It  ie  prodtici^  t>y  ihu  rojii  which 
iwve  EiiiRenHl  a  loaitt  d«rktii>n  in  Ui«  raiii- 
dron  aftvr  two  nl'ractiEinii  Mini  two  rf>4lectioM^ 
u  111  Tiv,.  S&l.  The  ivartinii  of  the  altr 
hotweon  the  two  Inwa  k  darker  than  tliB  ml 
of  the  aky,  because  from  it  uo  rays  entvr  the 
oye  after  having  bwii  reSeoi«d  nnd  refrwit«d 
within  the  drops. 

Tba  liighcr  Iho  «iii)  KUndii  aboro  iJm 
horizon,  tlin  «hortcr  in  tlio  vtidlili!  portion  of 
thi>  bnw.  Nil  ))ow  at  all  cnn  bo  gceti  wh»B 
iht^t  alllliido  of  tlio  sun  if)  f^ati>r  tliitn  42*, 
bdCfiiiHe,  In  such  a  poidtJOTi,  Uie  entire  ue  of 
colAur  lies  below  the  boriion.  At  ■imriii< 
and  aun»t  hotl)  area  ai>|iear  aa  semdrelfa. 
Upon  bjgb  monnlain-top»,  and  from  bolbonx.  tbcy  mny  sorndtimea  be  Be«n 
alniort  aa  eQinplot«  rirGli>s. 

8SB.  Solo. — ^Tho  hriftht  rinf;  which  w  frequently  aeon  wurniitidinf;  tho 
moon,  and  lew  frMinentlv,  the  tiiii,  at  a  distance  0*^22",  i*  called  th*  Wo. 
It  abovr*  the  colouna  <tf  uie  rainlinw,  although  in  eoiic  of  th«  tnoon'ii  ting,  of 
counte,  very  feebly  and  itidisttuMly.  The  arrangement  of  eolonrs  U,  however, 
Oppoaite  to  Ihoito  of  tb?  priuiary  Vow ;  tlie  red  beinj;  wiUiin,  and  th<;  violet 
inthoat.  'llio  pheoomeLoii  occur*  when  the  sky  is  covt-red  with  lieht  fihny 
cloadfi  OS  witJi  »  ecmi-tnui«paretit  veil,  and  it»  vzpWatiou  lies  in  the  eflecb 
produced  upon  light  by  the  Kn«  crvstols  of  ic«>,  of  which  thv«e  olouds  cotiS>((. 
Tba  amaJl  noedlca  of  ico  hare  tho  form  of  rc^lor  hexagonal  pristns.  where  the 
•urfacvB,  which  an  ncithor  paislld  nor  ndjncviit.  fomi  angles  of  60^  with  one 
another.  Tlic  reys  of  light  are  refracted  and  dtaperecd  W  Kuch  n  pair  of  enr- 
facee  in  the  eame  way  aa  by  a  gloaa  prisui.  In  the  particalar  poailien  in  wbidi 
the  ray  la  perpondicular  to  the  edge  of  the  ptiani,  and  forms  equal  auKin  with 
tho  FurfftcoB,  WQ  d«flection  ia  leaa  tban  in  any  other.  Yqt  a  prism  of  Ice  of  £0° 
the  Idwt  dcHeclioD  ia  SS!°.  If,  therefore,  a  oountlcaa  nnmler  of  such  small 
nrisnu  are  floating  in  the  sir  in  oil  ^oFnihlo  poaitjona,  tho  oyo  can  reoeire  re- 
dacted light  only  from  directions  which  mnlie  an^cs  greater  than  23°  with  the 
line  of  ai^t  to  tlie  ohjeet.  The  npiw*  witfiin  n  circle  of  22°  radill^  not  being 
iUaminated  by  refracted  li^ht,  lijiji^are  reLttively  dark.  A  ilialuifcutibing 
Dbanotcrittie  of  the  po«Won  of  leoaL  deflection  is  tliat  fn'in  tlua  poatiinn  % 
priam  may  be  tutned  coiuMerahly  in  either  dtroctiou  without  perficptiblr 
obwging  tba  thrccUcn  of  the  refracted  rays.     Among  the  oumcronB  ic« 
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ci7»U1b  tb«r«  will  doubtless  be  niauy  euclly  In  tbo  pcwUiaa  «f  Iciwt  dvilvo 
liun.  but  a  f^r  graiiter  iiitraliQ]'  vill  lie  not  exactly,  bat  rar;  n«ariy  tu  it.  AH 
llivN!  prisrnn  di^flcct  the  rofractcd  raya  tovmrd  a  sjoglo  dirvdion,  rruin  nbicli 
tde  eye  will  receive,  from  tlio  coraliined  effect  i)f  many  auoh  niya,  &  more  vind 
iniprenninu  llion  fiom  any  oilier  direction.  Since  llio  diflereiit  Loloiini  of  whibo 
ligut  are  rernu'(e>l  by  aiflbmit  amoiuils,  iho  bright  n»|:  thus  prodiicotl  u 
colonred  like  ihenliibow.and  th»  lust  d«{locted  na  appean  at  tho  inner  odg«. 
Since  the  oeedlea  of  ice,  uidcr  grairily,  giak  xlowly  downward,  in  quiet  air  tboy 
oosiinto  Tcrticai  iwiiitiniut,  becaauB  in  lliew  [wiutioDii  th«y  cipcrioiice  loawt 
iitiiiO}|>licric  Tcaiaiance,  In  aiill  dr,  filled  with  needles  of  ice.  thow  wcctipintiB 
a  vertical  imritiao  will  then  be  moai  numeroiw.  The  rin^  fretineiidy  aliows  at 
llie  two  points  of  ita  oircumferenca  wliicli  receive  light  from  Uie  rertical  prisma. 
ix.  at  tha  eiidR  of  itx  liurizonUl  dinmctHr.  arua  of  jwrtioularly  intenaa  bright- 
neai^  Theae  «|iotH  of  the  nobr  ring,  wtiteh  thow  vividly  tbe  colonrs  of  tbu 
rainbow,  nro  eailGil  mook-tant,  or  vut-dwa.  Lon  fre>iiiuat]y  tlutn  the  haio  of 
Ti",  Htiuiher  af  Ad"  h  oeen,  wbich.  aa  alio  varlaua  oilier  tiimiUr  phiiiiuitiiiiia, 
aru  likewiso  cxplitined  by  tbo  rafraotion  of  Ugbt  id  theae  priaoia  of  ioe.  In 
polar  nuiunB,  wbere  the  atcuospltero  Ja  (retiuentlr  SUed  witli  ic«*iieed)eg^  the 
Mloa  or  bulb  aiin  and  moon  ara  very  beaalifuuv' displavwd.  In  teinpenta 
zoned  tlie  linirahont  tbo  moon  diows'tlie  more  noqiiently,  Iwcauae  tta  rays 
are  aooompouiMl  with  ku  little  boat  oa  to  pormit  tlio  cijatau  of  ice  to  form. 


339.  Fore  Sp«ctnuii. — When  the  prismatic  spectrum  h  pro- 
duced iu  the  above  maimer  by  dispersing  a  ray  of  sunlif!:lit 
ailmittait  through  a  ginnll  ai>oniire  by  tuennD  of  a  prinni,  tbe 
primary  cflouts  are  not  perfectly  soparatwl  from  one  another. 


Fio.  3A8.— Fonnatlon  of  a  pure  BpeoUaiu. 

Since  each  primary  (colour  prndiioes  its  otru  image  of  the 
sun  (317)  which  in  defleoted  pro|i>]rtinnally  U*  its  refmn^i- 
bility,  these  images  nrerlap  at  their  edges,  ami  [tartiaUy 
iotennix.  To  obtain  a  pun  ipectrvm.  the  rays  are  admitted 
thniugh  a  narrow  elit  (Fig.  353,  itoon  frum  aliovc)  anil  canght 
tipou  tt  loQs  situated  ut  a  dintaDoe  from  the  prism  greater  than 
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the  focal  ilistunce  of  tho  tens.    Tbis  image  forms  upon  a  scrcoii, 
placed  at  the  proper  ilistance,  a  sharply  deHoetl,  real  iiti^^e  ol' 
the  slit.    The  prism  is  now  pkc-d  id  frniit  of,  or  behind,  thr 
lens  with  tt5  odge  parallel  to  the  slit  in  the  pcHiitiou  of  tenHl 
tlel1e«tion,  OS  the  ynsm  forms  perfort  imaj^  only  in  thie  poflition. 
To  Oftch  primary  colour  a  deflected  image  of  the  slit  will  thou 
correspond,  and  tho  nuniorons  blonder  images  of  the  slit  lyin^r 
lifiMide  each  other,  overlap  iinioh  less,  and  form,  accordingly,  ;i 
purer  sptTlriini  the  iiarTower  the  slit  is  made    A  pure  8i»ectruni 
18  kIko  kuvii  tm  liMjkiiif^,  either  with  the  unaided  eye,  or  vith 
the  tclcEPopc,  thmu-^h  a  prl«m  toward  a  narrow  ulit,  ntoatod 
pArallei  to  the  edge  of  ttio  prism.     If,  boworor,  a  mde  opening 
is  subdivided  into  narrow  strips  parallel  to  tho  odgo  of  the  prism, 
each  of  these  strips  will  give  its  own  spectrum.     Since  theiie 
spectra  overlap,  a  lung  image  of  the  opening  is  produced,  which 
is  red  at  the  less  refrangible  and  riutet  at  the  more  refrangible 
end,  while  at  the  middle,  where  alt  the  colours  mix.  it  is  white. 
340.  FrauDhofer's  Lines.— In  asolarspectnimthua  produce*!, 
a  series  of  tine  dark  ]ine.s  [mrallcfl  to  the  slit  is  8oen.     Thceo 
lines,  lirst  (1S17)  carefidly  studied  by  Frannhofer.  are  called 
FrafiiiJia/er't  lines.     Tlipy  are  ditdribiited  at  uueipial  dtNtanc^!* 
idoiig  the  entire  ii|)ecrrum.     i^Iany  of  thorn  are  very  flue  and 
difficultly  perL'fptiblc,  i\hilu  others    are   strutigec  and   niure 
readily  Keen.    Their  fV»riiiu.titiu  is  iiidepeudeut  of  the  material 
of  tho  prism,  for  thoy  show  the  same  appearance  and  arrange- 
ment in  all  solar  spectra.     They  ure  wcnnlingly  merely  smnll 
gaps  in  the  succession  of  ajtecual  i-oluun*,  the  preseric**  of  which 
Indicates  that  the  simple  cohmrxcorTCs[Mmding  to  them  are  want- 
ing for  some  reo.s4>ii.     They  form,  within  the  regular  .suctxisaion 
of  colouTH  of  the  sjicctrnm,  useful  distingtiidhiug  eharaelcristicM, 
each  correspondingolway^tothetHune  sort  of  light,  thus  making 
the  identification  of  any  desired  jMiinl  of  the  spectrum  with  oer- 
tainty.     Fraunhofer  designated  eight  of  the  most  I'onspiciunu 
of  these  liue-s  wilJi  the  letters  of  tho  nlplielict  from  A  to  li 
(Fig.  liOi,  and  tlie spectral  chart,  Fig.  I).  'ITio  line.  A,  lies  in  the 
extremo  dttrk  red,  1)  in  the  high  red,  C  between  the  rod  and 
the  orange,  1)  between  the  orange  and  the  yeliow,  E  in  th« 
yellowish-green,  F  between  the  green  and  the  bine,  G  between 
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the  dark  bhio  nud  the  riolet,  and  the  double  line,  U,  lien 
towtu'd  the  end  of  the  violet.  By  FrHUuhnfer's  Hues,  it  was 
jumlu  |)iwsil)le  t<t  determine  with  great  afouracy  the  indi<.-e« 
•if  refraction  of  dilferenl  substances,  for  different  parts  of  the 
iipoctnim,  lying  l>etw^ii  iJ  und  H  inclusive.  Thus  these 
linos  Lmmodifttely  Aajtiired    gte&X    im)K>rts.iice    in    practical 
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Piii.  3M.— BoLu  8pealnim  wiUi  Fnnubofer'a  Line*. 

optica ;  for  it  was  only  upon  the  hnais  of  this  acctirftte  know- 
ledge df  the  r^'fraciion  and  dinpention  of  diDereut  sortti  of  glasx 
that  Fraimhufer  uax  ahlu  tu  manufaetiire  lenses  free  from  dis- 
persion (;M2»,  and.  aivnrdingly.  alsn  toleacopes  far  surjiaiwiup 
iu  perfeetion  any  tlmt  had  I>aeD  previously  constructed.  For 
some  liipiids  aud  for  certain  vaiieties  of  glass,  the  indices  of 
i-efmrtion  dotenuined  fi>r  the  lines,  H,  D,  E,  uid  H,  Bre  given 
ill  the  following  tahlc :— 


B. 

a 

II 

H. 

W*(« 

1-3309 

I-3336 

1-3350 

l-3f(2 

AIcoIidI 

i-aca« 

l-^C5^ 

1-3675 

I-376I 

Carlwii  4luul|>bi<tc 

l-filtu 

l-GWW 

l-G43« 

1-7019 

Orown  glass 

\b£>V> 

l-frifU 

I-.VIW 

1-M6e 

Flint  gluv  uf  >*ntttnlivf<'r 

1-M77 

1C3W 

1-C420 

1-«7M 

PUntKlnasurileni 

l-721« 

1-7321 

1-T425 

1-7896 

The  ditTerence  between  the  indices  of  rcftwction  for  the 
untenuost  rays  (for  the  lines  B  and  II)  may  U^  re^rdeil  as 
tt.  nira^ure  of  the  diBpersion,  AN' bile  for  i'ruwD  glass  (the  gtas:< 
ordinarily  ustd  for  optical  purposes)  the  dispersion  is  U'O'Jl,  for 
dint  glass  (lead  glass)  it  is  U-u4:{,  or  a  little  more  than  double 
tho  former  value.  Thf  index  of  redaction  for  the  line  E  is 
orilinarily  selected  for  aii  average  value. 

S41-  SpeetTomvUr.— Mi-nistiri-nii-ntx  at  ihv  H|>«>(.-tTa]  Khm  arc  mftde  liy 
iln-  iiieilitid  of  liMsi  iIi-lli'v-iiiKi  willi  goiiiiiiuMern.  witich,  from  Lii«  i])(>ciBl  apj)l(- 
Oftiion  uf  tlu-m,  nrv  itillnl  i/mcI rvnwCera (i\'.  3t^},  A  (Kc^'leriiui)  tclcMwpe, 
pTOtkk-iI  Willi  II  I'Ulii-Ie.  IK  iliiei-led  toward  tfae  ceutre  of  a  bimxoatal  gnclaatad 
circlft  iUid  liiw  iu  vi-rticBl  a\isnf  rotation  ri^dly  fixed.  A  tic«oiitt  tolw^alao 
having  lis  axis  directed  lownrd  the  cetitre  i*  llie  circle,  Ihp  rdUmaliir,  cwrion 
.  n  vi^Ttical  blit  at  its  ^m^xv  cud,  and  nt  ilc  tiiiii-r  a  couves  Icdh,  in  wbuae  focal 
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plane  the  elit  lies,  so  that  the  njB  from  any  point  of  the  alit  lesre  the  colli- 
mator  lens  in  s  parallel  beam.  The  alit  i§  by  lfai!<  device  removed  to  an 
infinite  distance,  and  on  the  reticle  of  the  focossed  obeerving-tabe  its  image  is 
disdnctiy  «een  provided  the  axes  of  the  two  tubes  have  the  same  position  (the 
setting,  O).  Placing  a  prism,  then,  upon  a  small  stand  at  the  centre  of  the 
gradiiAteci  circle,  to  see  the  deflected  image  of  the  slit,  or,  rather  its  spectmrn, 
the  ob«ervii^-tube,  together  with  the  graduated  circle,  need  only  to  be  rotated 


Fig.  835. — Spectrometer. 

into  the  proper  positious.  Bv  rotating  the  stand,  the  prism  may  be  eaaUy  (for 
each  particular  Frannhofer's  line)  brought  into  the  position  of  feast  deflection, 
and  the  amount  of  rotation  to  the  position  of  {)erfecl  focus  and  setting  is  then 
read  from  a  fixed  vernier.  It  is  evident,  also,  that  the  instrument  may  be  used 
as  a  reflecting  goniometer  (Fig.  300)  for  measuring  the  refracting  angle  of  the 
prism,  thus  furnisliing  the  two  quantities  needed  to  compute  the  index  of 
refraction,  viz.  the  least  deflection  and  the  angle  of  the  prism  (329). 

342.  Achromatism. — We  have  seen,  then,  that  a  beam  of 
sunlight  is  not  merely  refracted  by  a  prism,  but  that  it  is  at  the 
same  time  dispersed  into  a  coloured  band,  so  that,  instead  of  a 
white  spot  of  light,  a  spectrum  appears  upon  an  interposed  screen. 
The  distance  of  the  centre  of  the  spectnmi  from  the  place  where 
the  spot  of  light  would  appear  may  be  taken  as  a  measure  of  the 
deflection  produced  by  the  prism  while  the  length  of  the 
si)ectrum  furnishes  a  criterion  for  the  dispersion.  If  a  second 
precisely  equivalent  prism  is  placed  behind  the  first,  with  its 
edge  directed  oppositely,  the  latter  turns  the  beam  back  to  its 
original  position,  and  at  the  same  time  condenses  the  band 
of  colour  into  a  point.  A  white  spot  of  light  now  appears 
u|>on  the  screen  in  the  direction  of  the  incident  rays.    The 
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:)od  prism  luutj  therefore,  iidiitmlized  both  the  dispersion 
and  at  the  sanio  times  the  refraction  of  the  lirnt  priiun.  Newton 
thuught  that,  as  iu  this  iiistauue,  ditipersion  and  refraction  were 
always  tumiiUantKnialy  pruduced,  and  tLai  it  would  1>o  inc 
putuible  to  remove  ibe  uue  without  detitroyitig  the  other  also. 
Iu  reality,  however,  a  flint  j^Iiuw  priam  f;ivea  twice  as  long  a 
s|>octruin  as  a  prism  of  crown  jjliws  having  on  equal  refrerting 
angle,  hut  by  no  means  duulile  the  deflection.  A  prism  of  flint 
glass,  n-ith  ld  angle  uhuut  half  as  great  as  that  of  a  crown  glass 
prism,  produces  thim  just  03  long  a  spectrum,  but  only  about 
half  as  much  rufnivtinii  a»  the  latter.     When  the  pri^mu  are 

tod  together  iu  «ipjK*Kile  positiitiu,  the  dt»{>uRiion  will  be 
_  lolly  remoTed.  whilw  (he  refraction,  though  diminished,  will 
not  be  entirely  dcatroyod.  SmJi  a  wtmbinaliou  of  two  prisms 
forms  a  priuu  i'ree  from  dispcnsion,  ur  an  ochruiuatic  ptism, 
which  produces  upon  the  screen  a  white  spot  of  light  deflected 
siimovvhat  laterally.  The  achromatiam  would  bo  perfect  if  the 
two  spuctia  whose  total  lengths  ore  equal  exactly  coincideil  iu 
ail  their  parts.  With  the  older  rarieties  of  glass,  however, 
Ibia  is  nut  the  caw?.  With  Frauuhofer's  Hint  gla»t.  the  less 
rofrangible  rays  are  more  condensed,  while  at  the  some  time 
the  mure  refrangible  ones  are  wore  dispers&l  than  with  down 
glass.  Oonseqaeutly  a  foeblo  dispersion  (a«econdary  siieetrum) 
still  remains.  But  iu  the  opUiml  laboratory  at  Jena  (Abbe 
and  8cbott)  varieties  of  crown  and  flint  glass  are  prndtioed 
which  show  a  uniform  rate  of  dispersion  throagfaout  the  entire 
spectrum,  and  prisms  constructed  of  such  glass,  when  combined, 
are  perfectly  aclirumatio  (apochromatic). 

Iu  Consequence  of  the  unequal  refrangibilities  of  the 
difleront  coluunj,  an  ordinary  duuble-cuuvux  li-us  cannot  re- 
eundeuse  the  ray^  fntro  any  p«>int  exactly  into  anutlier  point; 
for  the  mnn>  refran^ibli*  violet  rays  unite  at  a  |ViiuU  ''  (f  tg- 
866),  lying  nearer  Ui  the  Iuuh.  while  the  lees  refrangible  red 
collect  at  the  remoter  point,  r.  Since  to  each  point  of  the 
object  there  corrfspunds  iu  the  image,  n->t  a  point,  but  a  circle 
of  diupeniioQ  with  coloured  edges,  the  iimige^i  ca-^t  by  this  lunti 
are  not  sharply  detined,  but  show  colour  fringes.  This  ira- 
iwrfeetion  is  called  cofou*-  aherratum,  or  the  ehromatic  aherration 
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ni  (he  lens.  A  tol»icup(%  ur  micnwcojie,  httving  an  objective 
of  this  sort  would  tui\-o  rery  little  value  io  couBequence  of  the 
imlisstinrtnc^  of  its  itnAge^i.  For  this  rea'M>D  it  was  impossible 
to  (•onaXTatA  renlly  valuable  refracting  telescopes  until  it  hail 
)iei!onie  possible  to  maniifaPtLrft  lenses  free  from  chnimatic 
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KiG.  357.— Achramuin  Lwui. 
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nberratiun  (Dollond,  1757).  The  achromatic  prism  suggciitetl 
the  suIutioD  of  this  problem.  To  cute  a  conrex  kna  madtr  of 
LTown  glass  (AB,  Fig.  :i57)  of  chromatip  aberration,  a  tobmitc 
lens  uf  Hint  ^\asii  (CD),  u'itb.  half  the  ilcllecting  and  the  same 
dispersing  ]H>n'»r,  ia   placed   immediately    behind   the   cruvn 

glasa.  In  this  position  the  fie* 
Hectiuns  and  the  diapeision  of  thr 
lenses  are  both  opposed  to  («ch 
other.  The  ray  of  white  light. 
T^,  is  dUpeiseU  by  the  cm*Ti  gU«ri 
lens  into  a  (-oluured  band,  whuae 
red  rnr  meebt  the  axis  at  the  re* 
motur  \>am\.p.  luul  uliiKtf  viulut  ray  nuvlsitat  v.  The  Hintglav 
defloctx  the  tuv^  again  fri'm  tliu  axis,  the  violet  more  strongly 
than  the  red.  so  that  UiX\i  reunite  with  enc  another  and  with  the 
intermediate  rays  of  the  band  of  colour  into  a  single  while  ray 
which  cnts  the  axis  at  the  mure  remote  point  f\  The  tva 
leuBos  I'onjbined  Ihns  (ihey  are  fre<inently  twmente*!  together 
with  a  tran.-«]HrL'nt  ^^iibntunou  such  a»  Canada  balsam,  into  a 
single  piece),  form  an  ocftnnna/tc  Una,  which  unites  all  the 
raya  from  a  white  point  again  into  a  white  point  in  tlto  image. 
The  objectives  <il'  tjilewopes,  microscope^  anil  of  photographic 
uameras  are  ulways  kucIi  Hf-hnmiatii'  combinations  of  lenses,  iu 
which,  by  a  pni[Mir  choice  of  the  radii  uf  r-nrvature,  spherimt 
abeiration  is  also  icduceU  o-s  ininih  a.s  iHis^iblu  (•{•{<{).  8ucb  a 
combinatiuu  of  lenses  is  said  tu  be  aplanatie.  Oculars  of  tele- 
scopes and  of  uiicn>!H*opes  al»j  consLit  of  a  nmubor  of  lenses 
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made  of  tho  moiue)  f;k8B,  the  radii  and  distances  of  wltich  are 
su  cbusen  that  buth  fipherk'al  and  obrijmatie  aberration  are 
rednccd  to  &  niiniimim. 

To  any  given  jirisni  of  crun-n  f^lsss  a  pHun  of  flint  ^'Um 
may  be  readily  adaiited  n  hicb  will  rofract  a  ray  of  &ny  partiuular 
colour — i-.^.  the  preen  of  the  Frannhofor's  lino.  K — jiwt  as  strongly 
as  doea  the  priaui  of  viduii  gtiLJS,  nnd  tbci'cfore.  united  witti  it 
ID  the  reversed  position,  will  destroy  tbe  refraction  of  this  par- 
ticular ray.  But  Hiiiee  the  deflection  of  the  remaining  rays  is 
notsiiiiuItaiieiiiiHly  neutralized,  the  two  prisms  combine*!  form  a 
direct  vision  coininnalion  of  prisma,  or  a  direct  vitton  spectroacop«r 
which  will  produce  a  fi]»ectrum  to  be  riewed  in  the  precise 
direction  of  the  incident  rays, 

343.  Abeorption  of  XlE^ht — If  a  complete  spectram  is  formed 
li|Hiu  II  ivhitH  Hcreeii  iiy  means  of  a  slit,  lens,  and  prism,  and 
the  slit  is  euvt-red  with  a  dark  red  disk  of  ;rl»^,  red  and 
orange  alime  will  remain  ou  the  screen.  The  other  voluunt 
from  yellow  to  violet  arv  t-xtinguLshed.  Of  the  ontiru  nmrces- 
siou  of  coliiurfi  i-ntn|M>siu(;  vliite  light,  tbu  red  glasii  tmiinnitH 
only  tho  rod  and  orange,  ilil  other  colours  are  abtorhsd  by 
the  jLflass-  For  them  tbo  glass  la  opaque,  or  ncn-trawpartnU 
The  gla.sH  ai-ts  ilh  a  Rieve,  allnwring  the  red  and  orange  rays  to 
pasH,  but  hohliu;^  bat^k  all  tht<  rest.  This  is  why  the  image 
appears  to  be  of  the  rttMish  hue  pnHln(_*cd  liy  a  mixture  of  the 
Kfiuctrol  rod  iiud  oran<;e.  It  vi  alcio  \n  thi»  rircuniMtance  that 
grccu  or  Idiu-  )i\ms  owes  its  oidoor.  The  former  transmits  the 
grcou  rays  with  especial  readiucss,  and  the  latter  the  blue,  vhile 
the  remaining  rays  are  more  or  less  perfectly  absurbod.  A 
wiudnw  gloss,  on  the  contrary,  appears  eolouHesg^  l>ecanse  it 
permits  the  pa-wajre  of  all  irohnirs  composing  white  light  with 
ei^uoi  focilitY,,  The  mys  after  [lassa^e,  of  cuuntc,  cumbiuo  again 
into  white  light. 

When  a  spifrtrum  is  tbruw  a  upon  a  red  screen  as  in  the  fore- 
going ex  ])eriinent>  with  a  red  glass  ouly  the  red  end  of  the  spec- 
trum remain*  vidiUe.  The  rays  of  light  falling  njnm  the  nnigli 
aitrface  of  the  screen  penetrate  it  to  a  .slight  depth  bcfon;  tbey 
are  difl'uscd  in  all  directions,  and  beneath  the  surface  tfaey 
tmdergo  the  absorption  which  ia  produced  by  the  colouring 
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matt«r  of  the  paper  screen.  Thu  colonnng  mutter,  however, 
emits  only  the  red  rap  Bnd  al>»irb!i  nil  thi>  rest.  From  this  it 
ig  clear  also  why  sueh  paper  appears  red  uhen  illuminated  hv 
the  ordinary  white  light  of  day.  When  the  spectram  is  ihruvD 
ajMjn  a  screeu  tif  yclUm,  groea,  *tr  blue  [mik-t,  it  is  noticed,  that 
catih  of  the  scrccuB  ubiicurus,  or  cxtiuffuishus,  diOurcul  jturtifliis 
of  the  spectrum,  but  that  it  always  leaves  that  particular  colour 
iminipBirfd  wliich  iseihiliitfiil  by  tlip  paper  in  (kylight.  White 
paper  absorbs  uone  of  thepriman.'  colours  irith  any  special  pre* 
fKrcnce,  but  throws  them  all  ba>-k  in  their  original  pn>]Mjrtions. 
For  this  reason  the  paper  iipjxwrs  whUc  when  illuminated  by 
daylight,  fsurfacea  which  ptw-siHW  lelativvJy  lnw  dispersive 
powers  for  all  colours  uf  light  are  called  gre*f,  and  a  body 
appears  blofk  wheuevor  it  absorbs  alt  the  rays  which  fall  upon 
it.  Ill  ibis  way  ihe  rich  multiplicity  of  coloured  bodies 
(natural  colours)  is  eiplaiued  by  the  absorption  of  light  dw 
to  the  bodies.  The  colour  of  a  body  is  merely  thnt  mixture 
of  all  the  coloured  rays  which  remain  fr»iu  the  wUitu  light 
illuminating  it  after  extracting  from  this  light  the  rays  which 
the  body  absurlM.  It  u  evideut,  therel'ore.  that  a  b<.>dy  illuini- 
nated  by  diffusely  reflected  light  oau  exhibit  only  hucIi  uuluurs 
u  are  contaiued  in  the  light  incident  upon  it.  For  a  piece  of 
red  paper  tii  a|)[K>ar  uf  thtK  colour,  red  ray«  mu^t  be  coutaine*]  'm. 
the  light  illuuiiuatiug  it.  Cuudle-light,  tW  example,  cuntaius 
itieh  rays.  But  if  the  reil  paper  is  illuminated  by  an  alcohol 
lamp,  wboBe  wick  is  saturated  with  i^lt,  or  with  the  Hame  of  a 
Iluuaeu  burner  lu  which  a  iKtad  uf  uioIIl>u  »ialt  is  held  by  a 
platiuum  wire  (nodiiuu  tlame),  and  which  emits  only  yellow 
li[ilit.  tilt"  pajier  api)t!ars  black.  lu  this  iuom»chmujalic(ytfIIuw) 
illuiuiuutiun  it  is  imposaiblu  longer  tu  disttuguiah  thu  differenj 
primary  coloim.  With  it  only  brightness  and  darhues-'^  are 
distin^niahablo.  llic  human  face  appears  ghastly  pale,  au<l  the 
]iio»t  richly  dccorate'I  •■il-^tainliug  resembles  a  ilraniog  in 
Mina.  If  the  bud  were  a  ball  of  glowing  sodium  vapour,  all 
nature  wuidd  appear  clotheil  in  raiment  of  this  miinot^uioiuly 
dull  culuur.  \\hite  ituulight  in  which  cuuntlv&a  coluiurs  are 
combined  ia  uecesaary  to  duwloec  to  u»  thu  rich  variety 
of  ooloure  of  the  physical  onivcrsc.    The  light  of  gas  fiamei 
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an<l  of  candles  contains  all  mlotin  of  llio  rsular  spcctnim. 
bot  ID  somewhat  different  proportions  fn>m  *iinlJt'lit  rdlow 
rayg  are  here  very  riohlj*  represent**^,  while  the  blae  and 
violi^t  ure  relatively  aciirtwr  than  in  fiimlight,  ami  for  this 
r«aitun  tbd  former  !iotirc«!i  appear  yellnw  in  ontDparison  with 
(Inylight.  Thin  aLsn  explains  the  wetl-known  fart  tliat,  by 
candle-lipht,  white  and  yelliiw  are  easily  mistaken  for  each 
(rther.  Green  and  blue  articleB  of  wearin';  apparel  ar©  alsn 
dislinguishflblo  with  diffionlty.  Green  sabstances  reflect  iJKOtt 
pro- eminently,  though  goinewhat  mixed  nith  blue,  and  bine 
sulistanrea  reflect  in  addition  t«  green  a  large  proportion  of 
blue.  Siafe  now  bine  is  rontained  in  bnt  relatively  small 
quantities  in  candle-light,  while  green  is  present  in  consider- 
able qiiaatity,  both  green  and  blue  t?nhetanreii  will  be  intend* 
flet^l  when  illumiDated  by  the  light  c{  a  candle. 

The  ejMictrum  of  light  trau^^mitted  by  a  c<jlourod  body,  or 
dispersed  by  it  (the  ahtorfUen  speetrum),  is  not  always  so 
simple  as  it  in  with  red  glass,  or  red  paper,  There  are  many 
coloured  substances  vbiob  select  from  the  rays  {>f  the  spectrum 
one  or  nture  colour*  ao<1  absorb,  or  queneh,  them,  while  other 
adJAWDt.  or  intoTTening,  radiations  are  left  untonched  (seieetivg 
ahmtrption).  This  behaviitur  is  revealed  in  the  ^poctnim  by  num- 
Ikerltt-^t  dork  altsorption  hnndn,  some  of  which  are  broad  and  some 
narrow,  and  wbone  [HMition  in  the  Rpectnim  is  characteriHtic  of 
the  chemical  eundtitutioii  of  the  siib»tance.  Thene  liuoa, 
therefore,  furnish  a  uteaui;  of  rti^t^niixing  and  diittingiiishing 
substances.  For  example,  light  tranemittol  thniugh  the  green 
leaf  of  a  plant  sbuWR  jn  the  spectrum  a  blat^'k  iHind  in  the  high 
red  (between  the  Fraunhnfer  lines,  B  and  C).  The  raidille  red 
is  abKorbt'i]  by  the  chlun>phy]  of  the  leaf,  while  this  is  nut  the 
'Case  tvitb  the  extreme  red  and  the  orange  red.  The  colouring 
matter  uf  the  blood  abflorUt  the  violet  end  uf  the  «|>octrura  and 
priKluoes,  in  the  yellow  green  (between  I)  and  K),  two  dark 
absorptiitn  bands  separated  by  a  bright  yellowish  green  space. 
)[any  ga^eoiu  iMKliex,  such  as  nitrous  acid,  va^wur  of  iodine. 
etc.,  produce  numerous  slender  dark  abM>r])tion  Waw  in  the 
spectrum  of  Light  which  faoe  Iweo  transmitted  through  them. 

The  sodium  flame  aieutioned  above,  emits  simple  yellow 
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light,  which  is  not  dispersed  \>y  a  priaui,  but  is  refnctdd  and 
produces  a  brijiht  yellow  line  in  the  exact  po^^ition  where,  in 
the  solflj  epeetDiin.  tho  dark  line,  I_),  nuiUd  apjieuv.  If  tiow  the 
light  from  an  incandescent  body  {e.g.  Dninimund's,  ur  the  elet'- 
tric!  light)  be  passed  through  this  yellow  flame,  and  the  trans- 
mitted light  be  spread  out  int'tm  siiectniai,  there  appears,  in  the 
position  of  the  former  yellow  line,  a  dark  line  against  the  bright 
ground  of  the  otherwise  continuous  spectrum.  The  soditun 
vajwur  of  the  yellow  fluuic  ha«,  thfrofure.  iKTuiittiHl  all  rays  from 
the  glowing  body  to  pass  through  it  tvithniil  hindrance,  with 
the  exception  of  the  particular  rays  which  it  ia  itself  ca[>uble 
of  emitting.  These  are  al)Sorbe<l  by  the  llanie.  and  heii<-e  f»r 
them  alone  the  flamo  u  impermeable.  The  law  revealed  in 
this  fact  holds  generally  :  A  body  ab8orl*$  precitKiy  thota  radi- 
ation»  which  it  is  itself  rii2>able  of  emitting,  or  th^  alM>rptiv€ 
■power  of  a  body  for  anif  pariifular  radiation  is  directly  as  its 
radiiitin^  power  for  tht  same  radiation  {Kirdioff't  law,  18(H)). 

S44.  Speotrum  Analysii. — ^'urioun  fornix  of  the  afMofresMipe, 
as  .such  spectral  apparattuarc  termed,  arc usdd  in  obsemng  And 
studying  tho  spcctmni.  In  Bumiffn't  gpeeirceeope  (Fig.  ^8)  a 
flint  glass  prisiu ,  P,  whoao  lateral  faces  are  tnoliued  at  an  angle  of 
60'  to  each  otiier,  is  siip|ii»rtpd  at  the  centre  of  a  cast-iron  stand. 
Three  horizontal  tubes,  A,  B.  and  C,  are  diret-ted  toward  the 
I»rism.  The  first  (A)  ia  the  slit-tube.  or  the  collinvxtor,  and  has  at 
the  end  toward  the  prism  a  lens,  a  (Fig.  35^,  sbon-n  in  plan),  iu 
whose  focal  plane  the  slit,  I,  is  placed  Tortioally,  and  hence, 
pBiatlel  with  the  edge  of  Ihe  prism.  The  rays  from  any  point 
of  the  illumiuated  slit  are  renderetl  parallel  by  the  lens,  a, 
since  they  come  from  a  puint  in  its  fo<»l  plane.  After  being 
deflected  by  the  prism  placed  in  the  position  of  least  deflection 
(for  central  rays),  the  mya  pass  through  the  objective,  b,  of  the 
telescoije,  li,  and  are  condensed  at  ihe  <'<irrc3iKtnding  puiuts 
uf  the  focAl  plane  of  b.  If  the  rays  inL>idont  on  the  kUi  are 
red  only,  a  small  red  image  of  the  slit  is  formed  at  r.  But  if 
the  violet  rays  frxim  the  slit  also  pass  through  the  prism,  they 
will  be  more  strongly  deflected  by  it  and  will  form  a  riolet 
image  of  the  slit  at  v.  If  now  white  light,  which  ia  ctHnpoaed 
of  raya   of  all   intermediate   refrangibilities,  passes  throngb 
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tnimeut,  a  L-mintle^  number  of  corresponding  imsgea 
itf  the  slit  will  lie  beside  eft^h  ulber  in  an  anbn)kei)  »ene», 
and  will  fi>nii  in  the  fut-al  plane  of  h,  a  c'(mi|ilot(i.  or  con- 
tinnoiis,  spwrtnmi,  rv,  whicb  is  observed  tbrougb  the  lous,  o, 
used  OH  im  eyepiece,  ur  ocular.  To  compare  the  si*cti:iuu  with 
a  graduated  scale,  Butiseii  kit  upun  the  following  ingeuiotis 
device.  A  third  tube,  C  (tho  scalo  tul>ej,  i-ttiries  at  its  outer 
end  at  s,  a  small  pbotograjtheil  scale  having  tniiis|>areut 
gnuhiatiou  markx.  and  at  its  inner  end  it  I'^arriaH  a  Ions,  e, 
situated  at  a  distance  from  the  tvcale  e<ii)al  to  the  foi»i  distanre. 
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Tut.  3>38-— Dhohd's  St>ui-tiiJ»cvp«! 

TUo  scale  is  now  illnminated  by  the  ll&iue  of  a  btmp.  The  rays 
emitted  by  one  of  it«  points,  rendered  parallel  by  the  lous,  c, 
are  reflected  from  iho  frunt  stirfat-e  <>f  the  prism  ii]M>n  the  Ions, 
b,  of  the  telescope.  The  lens  then  f<i«'n«e«  tliem  at  the  corre- 
sponding point  of  ita  focal  plane,  rr.  Ijookiag  throujih  tho 
ocular,  o,  of  the  teIescoi»e,  the  eye  then  sees  simultarieuusly 
witb  tho  spectrum,  a  sbarp  image  uf  the  scale  lying  alnug  the 
spertmni  parallel  to  its  length,  so  that  earb  point  of  the 
gpectriim  is  designated  by  the  (Corresponding  gmduatiou  of 
ihe  scale  {vide  spectral  t-hart,  1,  Hunsen's  scab').  On  ai-wnnt 
of  the  deflection  due  to  the  prutm,  the  rollimator  and  teleticoiw 
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of  Bunsen's  instrument  form  an  angle  with  each  other,  so  that 
the  line  of  sight  is  broken.  By  a  proper  arrangement  of  the 
flint  and  crown-glass  prisms,  however,  direct  vision  prisma 
(cf.  342)  are  constructed,  which  neutralize  the  deflection  of 

the  rays,  but  do  not  entirely  destroy 
their  dispersion.  By  means  of  snch 
prism-trains,  direct  vition  spectro- 
scopes are  constructed,  which  permit 
the  source  of  light  to  be  viewed 
directly.  Browning's  pocket  spec- 
troscope,  represented  in  Fig.  360,  is 
such  an  apparatus.  The  slit  is  at 
8,  an  achromatic  lens  is  at  C,  and  p 
is  a  prismatic  body  composed  of  3 
flint-glass  and  4  crown-glass  prisms. 
The  ocular  is  at  O. 

In  the  spectrum  of  sunlight,  or 
daylight,  the  Fraunhofer  lines 
peculiar  to  this  light  are  seen  by 
the  aid  of  a  spectroscope.  Incan- 
descent solids  and  the  bright  flames 
of  candles,  lamps,  and  of  illuminat- 
ing gas,  in  which  solid  particles  of 
carbon  float  in  an  incandescent  condition,  give  spectra  with  no 
dark  lines,  and  in  which  all  colours  from  red  to  violet  are 
represented  in  unbroken  succession.  These  are  called  continuous 
spectra.    The  spectra  of  luminous  gases  and  vapours,  on  the 


FiQ.  359. — Arrangemant  of 
BnnBen'a  Spectroeoope. 


Fio.  360.— Browning's  Pocket  Spectroeoope. 

contrary,  consist  of  separate  bright  lines  (slit  images)  seen  upon 
a  dark,  or  a  feebly  illuminated,  background.  The  position  and 
arrangement  of  these  lines  is  due  to  the  chemical  constitution 
of  the  gas.  If,  for  example,  a  small  quantity  of  salt  (sodium 
chloride)  melted  into  the  eye  of  a  bent  platinum  wire  is  brought 
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into  the  feeble  fleuto,  F  (Fig.  358),  of  a  Bniueu  burner,  tlia 
flame  assuiuGs  a  beautiful  gnldon  yellow  colour,  producing  in 
the  spectroscfipe  a  alender  yellow  line  (spectral  chart.  3)  at  tlie 
place  where  the  dark  line,  D,  apitears  in  the  solar  spectrum. 
The  sodium  (lame  (3-t3)  emits  therefore  imnochrotiuttie  (yellow) 
I     light  of  definite  refrangibility,  which  is  peculiar  to  the  vapour 
I     of  ^(Klium.     The  i>xi«tonfe  uf  tWu  yt^lluw  line  in  the  sp&'truni, 
I     therefore,  revealH  the  existence  of  sodiiiu]  even  thouj^h  only  the 
I     ilightest  traces  of  it  are  preaent.    If  a  small  t|uanlity  nl  dust  ih 
I     thrown  into  an  alcohol  tlauie  Toward  uhicli  tiie  sjioctnuii^rtp*!  is 
I     directed,  the  bright   line  of  sodium  will  flash   up  instantly, 
L  faBAUue  the  duat  particles,  tloatins  in  the  air  and  settling 
W  iewiywhora,  eontaiu  traces  of  salt.     Lithium  salt  brought  into 
the  flame  of  a  Bunsen  burner,  gifes  a  faint  oisnge  yellow  and 
a  beautiful  red  line  (spectral  chart.  4).    Potassium  nalts  uhow  a 
faint  wmtinuuus  spectrum  with  a  bright  line  in  llie  extrpnie 
red,  and  another  in  the  violet  y'l).     The  metals  of  the  alkaline 
earths,  calcium   (7),   strontium   (81,  barium  (9),  show   more 
numerous  lines  than  do  these  same  alkaline  metftls.  Ever>'  i^ub- 
atance  is  thns  charactenzed  by  definite  bright  lines,  when  the 
Hubstance  is  in  the  tiondition  of  an  incandescent  VBp<mr.  WTiea 
several  sulwtiuicon  conraincd  in  u  mixture  are  va]Kirized  in  the 
Unni^n    Homt),   the  characteristic    linus   of  each    individual 
constitnont  are  seen  aide  by  side  in  the  spectrum,  each  in  ita 
own  place,  and  thus  at  a  glance  the  presence  nf  those  con< 
stituents  is  recognixed  in  the  mixture.     This  priH*esM  nT  deter- 
mining the  elementary  <.*onKtituents  of  a  iMtdy  by  observing  its 
siifCirum.  which  vtan  dcvelopetl  by   Buiisen  and   Kirchofl'.  is 
called    "  gpertrum    analyM."      Bunscn     discovered     by    this 
process  the  alkaliuc  metals,  caesium  (3),  and  rubidium  (0),  and 
other  investigators  discovered  in  a  similar  way  the  sulwtanees 
thallium  (10;i,  indiimi,  rtnd  gallium.     Substances  which  cannot 
be  vapuiizod  bv  the  heat  of  a  Bunsen  linmeT  are  vrdutilized  in 
the  electric  spark  by  discharging  a  s]>aiking  inductor  between 
V      |M>les  made  of  the  metal  U*  bo  invcHtigatod.  or  coated  »itb  the 
'      compound  to   be  tested.     The  spectra  of  the  heavy  metals 
are  thus  rendered  risible.  They  ore  characterized  by  nnmerous 
bright  litios  peculiar  to  each  metal.    In  the  s|>e<.>truni  of  ir^m, 
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for  example,  there  are  about  44iO  of  tbeso  liiKM.  To  reuilur  u 
gtt-s  liii»in«m8,  tbu  spark  of  an  iniluctor  is  discharged  tlirough  u 
lieiiiNler'g  spectral  Uihe  whiuli  uimtaitiii  platinum  uirue  suldered 
iuto  its  ends,  a  and  h  (l-'i};.  3(il),  aud  which  coutaius  the  gaa  lu 
bt)  invest igatL'd  iu  a  raretied  condition.  When,  fur  example, 
hydrugc-u  is  in  the  tube,  it.-*  eeutral  narrow  portion  HhintM  with  a 
beautiful  rodditih  |>urple  colour,  and  gives  a  spectriuu  i-ooid^tiQ^ 
ul'  iJiree  britrht  linee ;  A  ted  one  which  lies  in  the  same  place  as 
the  Kraiiuhofer  line,  C,  a  greenigh  blue  cue  oiincidiDg 
with  F,  and  a  riulot  one  which  euim'idat  with  a  dark 
iiuti  (if  the  solar  RpetTtriim  near  (i.  Th«  dark  absorp- 
tioii  hauduncL-u  ugaiiist  a  bright  luckground  produced 
hy  sunlight,  or  lamplight,  [mssed  Ibruugh  eolonred 
bodies,  arc  also  chorat^tcrisiic  of  the  chemical  coiuti- 
tQtion  of  these  bodies  and  furnish  a  method  of  detect- 
ing their  |ire!<enc»s]iectro8c:opica]ly.  The  speclroscope 
may,  therefore,  lie  uited  in  nitmurous  iustaJiceK  to  testt 
thu  geiiuiuonufjM  uf  ftnids,  medicinesi,  dye  stufTs,  etc. 
Spectral  aiialynis  ban  idso  found  cxteiisivo  appliiiitioti 
in  medical  jurisprudence,  since  it  is  capahlc  of  proviug 
the  pre^eni^e  of  tlie  least  trace  of  blood  by  lueans  of 
the  abi^orptioiii  bands  (34^i)  peculiar  to  it. 

Ftniiiibnfer  ob-ierrcd  that  the  bright  yelhiw  double 
line'  of  sodium  liglit  in  the  8|»ectnini  m-ciipiea  the 
place  of  the  dark  double  line,  D,  of  sunlight.  \Wi 
Via.  3(11.  Kin^holfA  law  statc^t  that  a  gasoouft,  or  vaporoiiA,  Uidy 
— tipeetml  jbgQfijg  thoiw  railiatious.  which,  whou  in  an  illumi- 
nated  condition,  it  omits,  at  the  «anie  time  allowing 
all  other  radiations  to  pnmi  through  with  undiminished  intensity. 
It  for  instance,  a  spirit  lamp  whose  wick  is  oorered  with  salt,  ia 
brought  Ijetween  the  eye  and  a  pockot  8pL>ctruRO(ii>e,  btoking 
through  this  flame  toward  the  fiame  of  a  lamp,  the  reversed 
epectTum  of  soditim  may  be  eceii,  ue.  the  soilium  line  may  be 
seen  dark  upon  a  bright  ground,  since  the  sodiom  Hame  hi 
opaque  to  the  rays  of  the  refrangibility  of  those  it  emita,  but  is 

'  The  soiliuiii  Viiw,  nn  klao  Uie  D-liue  (if  die  »okr  specLniin.  oonaaU  of  two 
very  clmc  tiuca,  D|  aiiJ  Dg,  which  can  be  seen  aepimtfi  only  nader  a  Id^ 
di^rnnoo. 
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traiisjMi'cnt  Ut  till  titliors.  StippoHin);,  now,  tlie  kiid  to  be  a. 
glowing  boflvt  wb<»iO  nurfaco  raduites  white  light,  n-hit^b  would 
of  itdcilt'  rfive  a  contmuons  spectrum,  and  suppose  this  body  to  be 
gurrouDdcd  by  an  envolope  of  cuulor  f^osos  and  vapours  con- 
taining sodium,  the  latter  must  tbou  produce  in  the  spotftnim 
of  Minlight  a  lUrk  line  in  the  position  of  the  11-Iine.  From  the 
resence  of  this  l)-liiip  in  tlie  solar  Bpeftntm.  the  existence  nt* 
Itum  vapour  ui  the  nnliir  iitninnphei'o  may  be  inferred.  From 
risen  of  Fraunbofer'a  dark  lin&*with  the  brijiht 
Diibstiuiec9,  it  has  been  found  that  a  larj^ 
number  of  the  former  exactly  eoiiicide  with  tbe  latter.  Kach 
uf  the  460  bri<^ht  Iin«^^  of  iron  has  its  dark  representative  in 
the  solar  spectrtinj,  whencH  it  is  L'ODoluded  that  iron  vapour 
exists  in  the  solar  envelope.  Most  of  Fraunhofer's  lines  ate 
merely  tine  bands,  prodaoed  by  the  abttorptton  which  the  gnAef 
and  vapours  eoutmued  in  the  Dolar  atmosphere '  exerciiie  U[K>n 
the  light  ratliated  from  the  intensely  heated  body  of  tbe  sun. 
They  art"  the  "reversed"  bright  lines,  (■baranteristiL-  <if  these 
gaees  and  vApuunc.  If  this  view  15  miTCct,  this  atiui»i]>herir 
enveloiie  should  exhibit,  iuHtead  of  the  dark  Fraunhofor's  linos, 
bright  lines  upon  a  darkcncit  Held,  whun  the  8pectn)Sco|ic  is 
directed  toward  the  edge  of  the  sun,  where  the  enrolopo  rises 
high  above  the  incandewent  IkmIv.  -Kven  l>efi>re  tbe-se  views 
were  held  certain  red  promineneea,  or  protvheraiuseg,  Rumotimra 
resembling  in  BpjKMranci?  !(Quvi'*ct>vt;rbd  Dunintains  illuminated 
bv  the  setting  mm  and  S(imelimes  hiukiug  mure  like  iloating 
masses  of  chtud,  hud  been  observed  near  tho  edge  of  the  .sun 
^luring  solar  eclij»se3.  Spectroscopic  rtndy  (now  poasible  with 
an  nneelipsod  sun)  showed  that  the  spectrum  of  the  light  radiated 
by  these  formations  consists  of  bright  lines,  among  which  the 
three  lines  of  hydrogen  (0,  F,  and  a  line  near  iX)  are  the  ninsl 
conspicuous.  Tho  ]trotnt)erHn(;e(>  consist,  then,  in  tbe  main,  of 
glowing  hydrogen  whosti  presence  in  the  solar  atmusphcre  lian 


■  8anM  of  tbe  linef  of  itie  mlor  >]iectnun  ara  tirodiicod  ity  Ihe  al»orpiinti 
uf  tha  eartirs  sttnouiliero.  Tlii*  is  proved  bjr  lli«  ftet  tlut  when  the  «iiii 
itpproacliM  the  )borir.»n,  and  its  n.y%  haro  lo  trareno  thicker  Ityers  of  ov 
atiiiotph«re,  tii«M)  litifcii  become  darliCT.  Tliey  Rro,  tlwrefvre,  caOtd  "  ttno- 
ephorio  "  liiiu,  oi  baadi.    To  tbete  be](H)g  the  Unea,  A  ud  B. 
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ftlfpftcly  been  inferred  from  the  ooineidcace  «f  its  bright  lines 
with  the  Fraunhofer  lioes.  0.  F,  aod  the  line  a  little  Ijelov  O. 
S|»e(;ti'Bl  aiialysia,  therefore,  gives  information  not  only  con- 
cerning the  chemical  •'onstitittion  of  tho  suit,  but  nIemi  of  the 
other  tiearealr  bodies  to  which  its  methods  have  ulrcady  been 
a|>|)lit>il  with  preat  snivels. 

346.  Pluorejoence^ — TJUra-Violet  Rayi. — When  the  sun  shines 
on   [letroleum.  the  feebly  yellowish  oil  radiates  a  vtolet*blue 
[io^ht  ill  all  direi'lioaa  nnd  becomes  self-lutmnotti  thn)itj!;h  tieitig 
illuminated.    Water  into  which  pieces  of  the  bark  of  tho  horne- 
chestnut  are  thronn,  <ihimmer8  in  the  snnlight  with  a  bright 
blue  I'olour  by  I'eatiou  of  the  dis^olvin^  fl>^'ulint>,  and  the  same 
IK.  true  of  u  i|iiiniue  solution.     Yellow  uraniuiu  ;;hiK!t  (ntnory* 
gltuu)  exhibita  a  bright  green  light,  and  certain  varieties  ot 
lliior  ri{iar  (c^ciiim  duoride)  a  blue  shimmer,  when  iUumiiuitod 
by  daylight.     Froiu  the  latter  body  the  phenomenon  httK  lN>en 
called  Jlu&raicmee.      When    [lowderod    leaves   of    plants  are 
moistened  intb  alcohol^  the  chlorophyl  is  diseolrcd,  and  the 
green  solution  resulting,  when  illuminated  by  dnnligbt,  shines 
irith  a  bloixl-red  hue.      A  blue  Knlutiun  tif  litmiin  Huoreaoes 
orange,  and  tbn  same  iit  truf?  of  the  pnrple  reil  solution  of 
naphthalinp  red.     After  sunlight  ba.s  been  passed  through  a 
Bask  of  petroleum  it  canuot  jmiduco  the  same  bine  shimmer  in 
a  second  Ha-^k  of  potroloiiin.  even  when  the    li^ht  is  much 
brighter  than  oniinary  daylight.     Those  particular  rays  which 
possess  this  pentiliar  pMjwrty  must,  therefore,  bo  absorbed  In 
the  ]ietroleum  of  the  tlrst   flask,  or  they  are  exhaus(e<l    in 
exciting  the  blue  light.     Only  ihiwe  rays  are  capable  of  ]iri>- 
dncing  HunrO!»%nco  iu  a  subMtaucu  which  are  absorbed  by  il. 
And  their  action  ia  stronger   the  uiorc   powerfully  they   are 
:>rbe<l.      To    determine   more  accurately   what  radiations 
produce  this  self-lumiuositT  of  the   petroleum,   let  a    polar 
Kpoctnun,  formed  by  means  of  a  slit,  jirisui  and  lenst,  be  throwii 
npnn  the  liquid  contained  in  a  glass  trough,  and   let    it  lie 
further  noted  at  what  parts  of  the  spectrum  the  blue  (diimmer 
jpears.     Tiie  red  and  all  succeeding  colours  to  the  violet  are 
en  to  pass  through  without  effect.     The  bluish   shimmer 
bep:iu8  high  up  in  the  violet,  covers  the  entire  violet  portion 


of  the  s[>ee(rum,  and  extoniU  far  beyond  the  violet  end  to  a 
distance  e(|iial  ap|ir(>ximat«ly  to  the  length  of  the  onUnory 
visible  spitrtruin.  There  are,  thpi-efore,  rays  which  are  moro 
refraugiblL*  thtiii  the  violol,  Iml  which,  under  onlinary  «ir«iim- 
stances,  are  nut  seen.  They  are  called  idtra-vwlet  rays.  They 
become  visiblo  in  j)utn)ltMiiii  because  they  have  snAinent 
energy  to  exoite  its  blue  liui,»r©soent  shimmer.  I' pen  the  bright 
blue  grmmil  nl"  the  fluorescing  speetnira  the  Fmimhofor  line* 
from  G  Ut  H  are  visible,  but  the  nttra-violot  leginn  alsi>  a])|ie«r8 
filled  with  nmiierous  siniilai'  lines,  the  most  conejMrnoiis  wf 
which  have  been  da-ui^rated  with  the  letters  L  to  S  (Fig.  962). 
Kock  cryatal,  or  ijuart/.,  pnsHessea  the  property  of  transmitting 
the  vioiet  ray»  muc^h  moro  perfectly  than  dees  glass.  When  a 
epectruiii  in  prudueeil  by  a  prism  of  reck  crystal,  the  iiltiu- 
violel  portion  of  the  sijectnini  ftppeurs  upon  the  petroleum 
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considerably  brif^hter  and  more  extenrive.  The  nltra-violet 
rays  luay.  moreover,  be  soen  directly  by  meaiu  of  a  prism  of 
glass,  or  uf  quartz,  without  the  use  of  a  flnoreaciog  substance. 
By  screeoing  off  the  ordinar)-  visible  spectrum  these  rays  are 
seen  in  a  bluish  grey  (lavender-grey)  colour.  These  rays  of 
high  refrangibility  are  also  perceptible  to  the  ej-e,  although 
iDider  ordiuary  circiirajitauccfi  they  are  nut  seeu.  since  they  are 
very  feeble  in  euuiparisoii  uith  the  bright  raya. 

A  fluiirescout  body  is  excited  to  most  vigorous  self- 
Inmiiiosity  hy  th<K*e  radiAtt(Ju.s  which  it  miut  powerfully 
absorbs.  OolnnrlcBs.  or  feebly  yelbmish,  substances,  such  as 
sulpbato  of  iiuinino,  c.\tmct  of  the  Liark  uf  the  horse^hestnnt 
(sesculine).  |>etr4>tcuni,  etc.,  which  absorb  only  tlie  feeble  violet 
and  ultra-violet  rayii,  can,  of  course,  floorescQ  only  under  the 
inflnence  of  the^e  liigiily  refrangible  rays.  A  enral  red 
solution  of  eosine,  which  tluoresces  pca-greeii.  is  most  |>ciwcr- 
fuUy  escitod  by  the  green  rays ;  tiapbtUaltne  red,  by  the  yolluw- 
green,  and  the  green  of  chtorophyl  by  the  high  red  rays,     lu 
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every  cilw  fluoreeceoue  is  excited  bv  those  nulmtioiu  to  wliOM 
absorptiuu  the  coli>ur  of  tlie  I»fnly  is  (hie.  I'iila  fact  is  recog- 
uizable  in  the  spectrum  oi  tmuauiittetl  li^ht  (olwor|rtioD 
iipectrum)  by  a  black  absurptioD  bund  in  the  poeition  which 
i'i>rreK|i<mdB  t-j  the  niiesiiifi  riidiatitnis. 

WLeu  the  light  uf  h.  Iliu>rt-sceut  l>ody  iti  utudi^I  through  a 
prism  (by  the  g[)eL'lro«eo[>e),  it  in  foimd  to  be  compound,  even 
when  the  excitiuf^  lif^'ht  is  simple.     The  fluorescent  light  of 
|)etroleiim,  fur  example,  produrtxl  by  the  simple  violet  li}rhl 
from  the  end  of  the  ^pei'truiu,  i^  spread  out  by  the  prism  tnt'> 
a  spectrum  oontaininfr  red.  ■■range,  yellow,  green,  blue,  and 
Tiolett  but  in  such  r<>]a.live  pr(t]h>rti>inx  that  the  colour  com- 
pounded from  theiu  all  appears  bhie.     With  colourless,  or  in- 
appreciably coloun^l.  lluorc!i(a-nt  iMidios,  which,  like  petroleum, 
snlphatc  of  quinine,  itr.,  iiltsorb  only  thi-  mitro  refrangible  rays 
of  ttrdinary  daylight,  iho  radlntud  lluorescent  light  coutaiiiii 
only  rays  which  are  less  refrangible  than  the  exciting  simple 
light  (Stokes'  rule).     But  with  Iluuresceut  substances  having 
Htroug  abHorptiou  bauds  in  the  region  of  the  less  refrangible 
mya  and  ap|»eariug,  therefDrc,  vividly  coh"urcd,  rays  may  alsn 
bu  contuincd  in  the  tlunrosi'ent  light  which  are  more  refrangible 
than  those  of  the  exciting  light.     When  uaphthaline  red  is 
excited  by  light  that  has  passcil  through  red  glass  and  con- 
t-HJUH  only  red  and  orange  ray.  it  is  fmind  that  the  excited 
tluorosceut  light  is  cumjmsed  of  red,  orange,  yellow,  and  yellow- 
green,  and  that,  therefore,  the  more  refrangible  yellow-green 
rays  have  been  pmduced  by  the  orange  light  (Lommei,  1871). 
346.  Phosphor esceace— Ultra- Bed  Eays. — The  feeble  ghm- 
iug  of  a  body  produced  by  any  eauiie  what^soever  is  called 
phosphorescence.     The  glowing  of  phoBph<jrus  is  the  result  of 
its  slow  combustion;  that  of  rirtlen  wood,  decaying  lish,  and  of 
the  glow-worm  are  due  also  lo  a  ehaniml  pr^jccas.  The  devehip- 
meut  of  light  often  results  from  mechtmifal  elTecla.  e.g.  from 
striking  together  twu  pieces  of  flint,  fr^tm  the  cni^hiug  <  >f  chalk, 
pulverizing  of  sugar,  and  from  cleaviog  ibica.    Chloruphane,  a 
s(«cieH  of  fluor  8|iar,  glows  oil  mtrmint/,  and  the  same  is  true  of 
many  dianuinils. 

The  glowing  uf  bodies  after  they  have  been  previoujy 
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UliiininBted  is  esiieoiiilly  noteworthy.  Tbe  so-oalled  Bologua 
stones,  aulphar  rom[Hnin<1s  of  the  alltaliiiB  meialx  (calcium, 
fftrontitiiii,  luriiim),  ]»rnpa.re<l  \>x  heating  the  fiirTes[Mimliiig 
ewthrt  (cair.  struijtiii.  nr  lm.ryta)  with  milplnir.  pbuaitlmreik* 
very  IfflaiitU'ulIy  iu  this  way.  By  ftilnwing  the  whitish  powdotB 
thus  obtained  to  atund  for  a  few  moments  in  siitili(rht.  or  ilay- 
liglit,  they  will  emit  a  feeble  g!nw  ormelliiw  ti^ht  for  hours  or 
eveii  for  <l«ys.  Tlie  colour  of  the  lij^ht.  tlepenJa  upon  the  pro- 
fees  (if  |irepa.ratioii  uiitl  upon  tbe  freedom  fnini  tx>titaminatioii 
ivith  foreign  substaacus. 

Ti>  stndy  the  effect  of  the  various  radiations  upon  thiyse 
Hiib(itan(;ett,  a  »olar  spectrum  is  cast  upon  a  screen,  wboM>  nurfac-e 
is  coated  with  one  of  these  phaspliorogcent  powders  (e.y.  with  tbe 
oommeri'ial  Baimain's  cDloun),  and  which  has  been  made  to  glow 
by  preTJous  exposure  to  daylight.  After  the  rays  of  the  npec- 
tnun  have  acted  a  few  momeiita.  if  they  are  screened  off,  a 
l>ocnliar  *' phosphorographic  "  image  of  the  .tpeutriim  is  soon  in 
the  dark  upon  the  (urreen.  Wluire  th**  blue  and  violet  rays  fell, 
the  9creeu  shines  with  a  brilliant  phosphortwiwiit  lightagaiiixt  the 
feebly  liiniiiinnslmckyround  of  tbe  !((rreeii.  But  where  the  green, 
yeilou-,  and  red  at^^ted,  the  inmge  ap[jt.>uni  ilurk  upon  a  bright 
fTTOund.  It  scoma  then  that  only  tbe  more  refrangible  rays 
(from  Vniimhofer's  F-line  on)  havi-  tho  ]>nwor  of  exciting  phos- 
|ili(jre»cetice,  while  on  the  other  biuid  llu'  less  refrnngible  rays 
oxtioguiah  the  pho.ipliore!i(;ent  lightwbich  harl  been  previously 
cxnitvd.  This  (jiicm-hing  nation  extends  quite  beyond  the  reil 
end  of  the  s|JCetrum  (lino  A),  whence  it  follows  that  in\-i8ibl© 
rays  of  lesa  refrangtbitity  than  the  red  oxist.  Tbcfle  an>  called 
iiltra-ryd,  or  iufrH-red  rays.  Tbe  ■'om[dete  solar  ap»*<'tram  com- 
nIkU,  therefore,  of  the  following  tliree  pttrts :  of  the  invitible 
tUlra-red  portion,  of  the  vi»iUe  i»ortion,  lietwi-en  the  Fraunhofer 
lines.  A  and  H,  mid  of  the  int-mblc  uUra-vinltt  |Mirtion. 

The  extinction  of  the  phuepkore^'eut  light  by  the  rays 
of  the  Iow(>r  portion  of  the  !i|ieelruni  is  &lwa}*8  preceded  by  an 
increased  radiation  of  light  from  the  snlMtanee.  These  rays 
compel  the  phosphoresceut  body  to  surremler  (*omcwbal  suddenly 
and,  therefore,  in  a  condeuswl  form,  the  supply  of  energy  it  had 
preTtuosIy  taken  nj)  by  the  abeorption  uf  the  mora  retiuagible 
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Tayd  exciting  it.  If,  thea,  a  si>ectcuiu  he  thrown  upon  a  phos- 
phoreeceut  ecreen,  tW  region  uf  tbo  iiltm-red  rays  shines  with 
a  bright  greenish  blue  lights  biK'aiiiw  here  ibe  pbiispboreseent 
light  is  fanned  to  higher  luminosity  (Lommel.  188:3). 

K.  Wiedemann  ilesignatcs  all  liiniinous  processes  not 
accompanied  by  heat  ianUnetcence,  and  the  fluorescence  and 
pboflphc'reseeuco  producod  by  absorbed  li^ht,  be  specifies  ae 
photottimi7i«$ceM8.  Luminous  radiation  prixluced  by  the  action 
of  the  cathode  rays  (^42)  is  designated  by  him  cathodolwain- 
etcence,  and  that  due  to  chemical  action,  cheniittimitteacence. 

347.  Thermal  Effect  of  the  Says. — Thu  iiUn»-red  rays  were 
diwoTerecl  by  Hcrticbel  tui  catly  ad  iSOU,  by  moving  the  black- 
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eneJ  bulb  M  a  tliermomcter  along  the  spectrum  and  observing 
that  the  thenual  action  increases  from  the  violet  toward  the  ted 
end  and  reached  its  greatest  value  in  a  dark  region  beyund  the 
red  end.  As  a  more  aocurato' means  of  proxinj^  the  existeocd 
and  Kliulying  the  natare  of  these  dark  hial  radiatMia,  Mellcmi 
(1SU4)  made  vise  of  a  thermopile  in  connection  with  a  galrano- 
meter,  called  the  Oicrmo-HtuUif^Uir,  Fig.  3«3  (cf.  237).  Thifl 
consista  of  u  thermo-electric  pile,  z).  whose  blackened  terminal 
surfaces  are  pmvided  fur  the  itH'^^piicm  ut'  the  rays,  at  one  and 
with  a  cylindrical  tub©  («|,  and  at  the  other  with  the  fnnnel- 
ahaped  mouth  (Jb).    A  Tery  sensitive  galvanometer  (multiplier), 
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M,  is  coDnecteii  with  the  thermopile  by  nje«ii8  of  the  binding 
screwy,  X  and  y,  and  the  cunneRtinfi;  wiren,  y  and  h.  The  heat 
ladiftted  from  tlie  lamp,  L.  ytmsva  thnnigh  the  hole, «.  of  the 
»t*l  screen  tu  a  temiiiml  surface  uf  tho  ihermopile.  Here  it 
■tee  a  theruio-electric  current,  which  produces  a  deHection 
the  needle  of  the  gftlvauomeler  by  an  anionnt  whi'ih  is 
proportioniLt  to  the  rate  of  radJatinn.  Tbermupile,  lamp, 
Hcreen,  and  a  dmall  stand  tn  .inpiKtrt  the  object  (r)  to  be 
atudii-d,  are  movable  along  a  bra^s  bar.  By  mean^  of  the 
thermii-miiltiplier  the  thennal  etTects  of  the  dilferetit  regioDs  of 
the  ti[)cotrnm  may  be  accurately  measured.  Hore  recently  the 
balameter  (li-"JO)  has  also  been  used  for  this  purpose. 

Tlie  dark  lieat  rayii  fullow  the  aam*^  law<4  uf  reflection  and 
refraction  as  Uw  visible  lij^ht  rays.  If  two  lar^  concave 
mirrors  are  plB<'e(l  in  the  posilions  indicated  in  Fijj.  364,  and  a 
heated  iron  bait  is  pnt  at  the  ftKruii 
of  one  of  tlie  mirmrs,  tht:  rays  emitted 
by  the  ball  are  reflected  ittrallol  to 
_eaeh  other  against  the  other  mirror, 
ani-e  they  ore  again  retfoetcd  and 
int^i  its  focus.  A  iher* 
er,  with  its  bulb  coate*!  with 
lampblack.  «hon  place*!  at  this  jKiiut.  rises,  and  a  feebly  phos- 
phorescent platu  »ct  up  here  »hinos  Itrilliantly.  A  bi-couvox 
lens  forniK  an  invisible  tlicrnia]  image  of  tlie  heated  ball,  which 
likewise  reniters  a  phi»phore^irent  plate  visible. 

The  invisible  radiations  emitted  by  a  warm  body,  f  </.  by  an 
iron  ball,  are  rofracte^l  by  a  prism  less  strongly  than  the  red 
rays,  and  arc,  tlicrcfore,  of  the  same  nature  aa  the  ultra-viulet 
lays  of  the  sun.  With  rising  temperature,  the  rapidity  of 
radiation  increases,  and  a  point  is  s<^>on  reached,  where  more 
highly  refrangible,  linninons  rays  are  nddecl  Iti  the  dark  ones, 
whereu[K>n  the  heated  b<Mly  becomes  visible — it  giovi9.  At  540^ 
the  reil  extends  ti>  B  (dark  red  heat),  at  700°  (bright  red  heat) 
the  spectrum  of  the  emitltMl  r»ys  extends  beyond  F.  and  limUly, 
at  white  heat  (12lW  ),  they  extend  even  beyond  II. 

As  with  the  bright  rays,  the  tmnspareney  of  different  bodies 
is  very  different  for  the  dark  heat  rays.    Pure  air  transmits 
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;iolar  n.\».  it»rk  as  wpH  a^  li<;ht,  almost  perteetly.  It  m  there- 
fore lieatt-tl  Imt  little  by  ttiem.  The  higher  ttttnosphoric  layers. 
thoi]f?h  receiving  the  mlar  layers  iliroctly,  remain  nevertheleiw 
so  o>ld  that  even  in  tho  torri'i  zxjdo  tho  summits  t-l"  hiph  nuvun- 
tains  are  ciivereil  Kith  ]ier|)6tiial  gnnw.  The  atinosphere  is- 
heat«(l  iu  much  the  jrrBHter  jiart,  not  by  the  solar  ray*  directly, 
but  indirectly  by  the  hi-«tfd  surlHi;*;  of  the  earth,  which  in 
timi  uhtuliix  its  hout  liy  iib-sDrhiu^  ht^ut  from  the  lower  Iftyeis 
of  the  iitmiwphcnf  iu  ooutuirt  with  it.  These  layers,  becoming 
lighter,  rise  »nd  i-arry  the  heat  to  higher  altitudes.  Neither 
water,  nor  clouds,  nor  any  of  tho  mnstituonts  of  the  earth's  solid 
i-nixt  are  as  trans]iarent  to  the  ny*  an  is  the  atjuosiihere.  All 
almurli  a  grt>ater  nt  less  projxirtion  of  the  solar  royii  incident 
ujHJu  them,  and  ii[M-i<nii:  heated  Ihcroliy.  MoIh>ai  (tailed  those 
bodies  which  tratusuiit  the  dark  (ultrv-rcd)  rays  of  heat  as  trans- 
jvareut  bocUe«  transmit  liirainons  niys  diathfirmanouf,  or  din- 
tharnutl  lH)dieH.  I'lie  term  ath^rmanous,  or  athermal.  he  a|i|ilied 
to  thoHe  1)odie^  uliJeh  alworli  thn  thirk  heat  rays.  Itock  salt 
tnuiiunits  all  dark  ht'at  radiatiuiis  (ax  well  as  the  bright  one«), 
and  it  accordingly  cunijHirts  itjielf  vtith  respect  ^x^  them  as  a 
colourless  transpnrent  body  dtiet<  to  himiuous  nidiations.  Ainiii, 
on  tho  ccmtmr}',  whifb  13  jitst  as  traiiKpureut  to  Iii;bt  aa  rock 
salt,  is  well-niph  opaqne  to  the  ultra-red  rays.  Other  botlie# 
absorb detinite  portions  of  the  tdira-re<l  re^^ion  of  tho  spoctrom, 
and  comport  themselves  with  respect  to  the  dark  heat  rays  after 
tho  analogy  of  colonreil  trans^itu'ent  Ixidic-s.  wliich  transmit  only 
tight  rays  of  a  <^urtaiii  culuiir.  and  absorb  all  raya  of  a  difTorent 
<'olonr.  MoUoni  designated  this  bobavioiir  of  sultstnnees  as  heat 
colouration,  or  ihtfrmofhrme  Ht'tioii. 

It  follows  fnmi  thehie  facts  that  the  only  difterence  Iietween 
the  dark  heat  rays  and  the  lij^bt  rays  is  the  diiTcrcDCO  in  their 
refrangibilities.  Tho  dark  rays  diircr  no  more  fniiii  the  red  rays 
than  the  latter  differ  fnmi  the  ywllow,  or  tho  yellow  from  th« 
grcon.  The  invisibility  of  the  one  sot,  and  the  visibility  of  the 
other,  consints  not  in  tbi-  nature  t)f  the  ravs,  but  in  tho  conrtitu- 
lion  of  tho  eye,  whieh  is  incapiildo  of  perceiving  the  nltra-red 
rays.  These  are  immediately  [joroeptible  to  us  only  through  the 
sense  of  feeling,  n.t  heat,  while  the  ti^ht  rays  act  simultaneoiuly 
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iipOQ  two  senses,  alVectitig  the  nerves  of  feeling,  as  bent  aud 
the  eye,  h^  tight.  A  light  my  is  hIku  at  the  same  time  u  lieftt 
iH}'.  It  in  im|>u»iibl(!  tii  iiF]»arate  the  eflW't  of  hrat.  which 
reiudoB  id  thu  nimplo  yellow  light  <il'  the  Hoiliiim  thime.  from  its 
luiniuouit  eftecl.  There  iire  »o  ravti  uf  tbbt  refruugibility  which 
]>ro(liioo  thermal  «tlect^  n^ithout  the  simultftueotis  |irNHtiictioii  of 
hiiiiiiiaus  eJToett).  Light  (iu<l  rudiant  heat,  therefore,  ilifler  frutii 
one  another  not  in  themsolvos,  hut  only  for  us,  m  forms  of 
seuMtion.  They  are  merely  diAerent  ejects  npon  lis  of  one 
and  the  same  cAiise.  Tlie  same  ray  e^oken  in  ns  sometimes  the 
sensation  of  light,  and  Bumetimee  that  of  heat,  according  to  the 
nerve  through  which  the  impreseion  piodnced  by  it  ia  tmns- 
mitted  t«t  thi>  seat  of  L-oiiacidiumesB,  jiist  an  a  vibraling  tiining- 
furk  awalceus  iu  the  ear  th»  Hen»ation  of  suiind,  and  in  the  hand 
a  biiz/ing  HLMisatioii. 

318.  Badiometer. — 'I'o  jtmvu  the  thermal  etXin't  uf  the  rayv. 
the  radiometer  may  t>o  ased.  1'his  ajrpnrattis  woa 
doviMcd  by  Crooke,  and  w  set  in  mcption  by  light 
and  heat  radiations.  It  consists  of  a  amall  wheel 
■  (Fig.  365)  of  alttmiuium  irixe,  nith  four  arms,  and 
■^  free  to  rotate  abont  the  [wiiiit  of  a  neHilIp.  Ka^^h 
arm  carries  a  vertical  I'au  of  uiinealeil  mien,  urie 
surface  of  which  is  black,  the  faun  being  so  placed 
that  all  the  blackened  s^irfaces  face  in  the  name 
direction.  The  entire  apparatiut  is  euclo^ed  in  b 
glus  globe  of  from  .')  to  6  cm.  diameter,  within 
which  tbe  air  lias  iieon  highly  rarelied.  Kays  of 
light,  ur  httat,  falling  against  the  fanit,  siH  ibe  wheel 
in  n>tatiou  in  a  direction  opposite  tn  that  in  which 
the  bljiekcned  surfaces  far^,  precisely  as  though  the 
blackened  Burfacos  were  repelled  by  the  rays.  The 
rotation  lQcrea.sc.s  the  luore  powerful  the  thermal  cD'cct  of  the 
radiation  becomes.  This  phenomenon  may  perhaps  be  best 
explained  on  the  kinetic  theviry  of  gaaea  (1!^)).  We  need  only 
imagim*  that  the  rapidly  moving  nioleeales  of  the  air  strike 
more  quickly  and  frefjumtly  againnl  the  blackened  surfaces 
which  are  thu  more  highly  bcntetl  by  abHtirptiim  than  tbey  do 
im    the  white  Burfaces,  and  that    theoe   molernles   import  to 
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tbe  blockeuod  guri'aces  more  powerful  imjiolsQi  thui  to  tb» 
opposite  [aoe9. 

Wliun  a  radiometer  is  moved  gtiKluaJIy  from  tlie  riolot 
tuwttrd  tlm  red  end  of  ilie  spectrom,  it  is  ubscrretl  li>  roUt« 
•m%h  ijicreasinpr  Telocity,  aud  coutin««s  to  r«»tttt©  even  wh«a 
(.•arried  lkeyuii<l  the  red  end  into  the  ultra-rod  region. 

349.  Chemical  Effect  of  Light— Pliotograpti;.— It  luu  been 
loug  known  tlint  there  are  bodies  whieh  siifTer  a  permaDent 
aherutioii  of  their  properties  under  the  action  of  litfht,  he.  a 
change  ill  their  cbeniical  compj^iitiiin  taki»  place.  Tb« 
bleeciiiug  of  linen  doth  and  of  wax,  ajid  the  so-eailed  fading 
tif  wdiiured  cloth  and  of  water-colour  pniiilings,  the  tiiming 
broiTU  of  lir  wocxl,  ete,,  are  well-known  examples  of  the  chemical 
action  uf  light.  If  a  Hat  objuct,  a^.  the  leaf  of  a  plant,  be  laid 
iijuii  a  sheet  of  [wjior  covi-red  with  silver  chlorido  and  then 
fxposwl  to  dayliglit.  the  silver  chloride  hUekens  over  the 
lincoveroJ  |H»rtioiis  of  the  paper  by  the  light,  and  a  bright 
image  of  the  leaf  is  obtained  upon  a  dark  background.  Silver 
bromide  and  imiide  are  oveii  more  sensitive  than  silver  ehluridft 
to  the  action  of  light.  The  art  of  phototfraph^  is  based  nixin 
the  chemical  action  of  light  upon  these  silver  salts.  The 
photographer  catrhos  upmi  a  glass  plate  coated  with  a  lilm  uf 
gelatine  or  collodion,  containing  sUver  bromide,  the  image  of  a 
penton,  or  of  an  objtart  formed  by  a  cauter>t  oiatfwro.  When  the 
plate  im  6rt«t  taken  out  no  image  is  apparent,  for  the  light 
during  the  »hort  time  of  its  action  ha-s  only  started  the  decom- 
position of  the  silver  salt.  To  call  out,  or  to  deveJop  the  image, 
the  |)late  is  washed  with  a  i^dution  of  some  reducing  substanoo 
(iron-^-itriul,  bydroi:hi«on),  which  completes  the  decomjiosition. 
On  the  brightest  ^Mirtions  of  the  image  the  silver  bromide  is 
hereby  rendered  perfectly  black,  on  the  ]mrlially  darkened 
piares  a  partial  blackening  occurs,  the  degree  uf  uhieh  depends 
upijn  the  iutMiLsity  of  the  shadows,  while  at  the  (lark  places  of 
the  image  the  silver  bromide  remainin  unaltered.  There  is  now 
ut»">n  the  plate  of  g!u.ss  a  wj-cnileil  ne(fativ«  image,  which  shows 
the  In-igiit  places  of  the  object  dark  and  the  dork  portions  bright 
This  image  would  remain  for  but  a  abort  time,  because  the 
silver  salt,  not  altered  by  the  daylight,  wuuld  soon  bo  likewise 
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decomjKwed,  and  the  entire  plate  would  liecome  iiniffninly 
black.  For  this  reason,  the  Intake  \%jixed  W  washing  it  with 
B  sohitioii  of  mHlium  sulphite,  or  of  potassium  cyanate,  which 
dissolves  out  the  undeei>iuiH>sed  silvor  salt.  A  pasitivo  iniape, 
with  its  lights  and  shades  at  the  proper  plai-ns,  is  obtained  by 
placing  the  ncgatiTo  ajjijii  silrer  chloride  paper  and  exposing 
to  sunlight,  which  produees  behind  the  briglit  portions  of  the 
plat©  a  dark  area  »i>on  the  i«iper.  The  poaitir©  im^e  i« 
then  Hxcd  by  wa-sbing  the  p&[>or  with  a  solution  of  ^o^Jiuni 
Hnlphite,  which  diss-jlves  the  undeconiposed  silrer  chloride  still 
remaining.  The  prcH>e!«ief)  of  developing  and  Hxing  (he  image 
must  be  carried  uu  under  yellow,  or  reJ,  ill uuuiia lion,  ttiiice 
silver  salts  are  almost  unaAecte<l  by  yellow  and  red  light. 

It  is  known  even  frnm  everyday  experience  that  the  blue 
rays  are  photographically  more  efl'ective  than  the  yellow  and 
the  red :  for  a  blue  article  ut'  clutbiug  looka  bright  in  a  photi>< 
graph,  while  a  ryd  uue  ap|»ears  dark,  alt liongb  when  observed 
directly,  the  furmer  a|)]>ean<  much  the  ihirker.  MiK-er  chloride 
pa^ior  ri)v<;n»l  piinially  uith  red  and  ]>artially  with  blue  ghMi» 
blackun.i  in  light  imty  tiericath  the  latter.  But  the  most  direct 
iuformation  poiietble  cnuceniiug  the  actiuu  of  the  rayti  of  dif- 
ferent, colours  is  obtained  in  photographing  the  solar  spoctnim 
itself.  The  rcl,  yellow,  and  a  purtion  of  the  green  ravs  have 
no  efTeut  at  all  upon  an  onliiiary  }>b<)li)graphie  plate,  while  the 
blite  and  violet  regions  an>  l)«>aiiti fully  rejiroihiceil  with  all  the 
Fraunhofer  lines.  The  |ihoti)gm|ihed  siK-ctnim  does  not  termi- 
nate with  the  H-linc  lying  at  the  end  of  the  violet  portion  of 
the  risible  spcetnint.  The  ultra>violot  rays  acting  photo- 
graphically alflo  extend  the  apeetrum  far  Iteyntid  tho  violet- 
\Vhon  eolonriiig  matter  (Rzalini-,  posine,  ete.)  is  added  in  the 
sensitized  iilni.  thc^o  uiateriaLs  absorb  tho  Icsa  rofraiigible  rays, 
and  a  Bo-called  orthoofiromalic  plate  is  prixlnced.  r|Min  such  a 
plate,  the  green,  yellow,  and  red  rays  are  also  chouiicaliy 
effective.  By  means  of  a  specially  prepare<I  emulsion  of  silver 
bromide,  ,\lmoy  (188")  suwwede*!  in  photographing  even  the 
nllrs-red  [lortiunnf  the  i(|ie(.itruni.  The  lew  rufraugible  jtortion 
of  the  H[wotnuu  uuiy  bo  photographeil  far  into  the  ultra-re*! 
with     ordinary    photographic    pbtes     as    follows:     U|»ou     a 
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phosplioreaeentiiurrsrciBuliuam'tfoulours)  t1iepbog]>hor<^Tapl>><'' 
iuiape  of  the  speftnitn  (:Mt))  is  pnxluced  upon  the  dark  gnmpd 
of  which  the  Fraimhufer  lines  Hliine  with  a  distinct  Muecohinr. 
Placing  u|icm  this  imag«  nn  ordiuary  gelatine  dry  plate,  tbf 
spet^irniu  with  all  its  details  irill  he  distinctly  ropieil  (Lomniel. 
JfiiJO). 

The  more  refrangible  rays  which  act  upon  silver  cUorido, 
bromide,  atid  iodiile,  i.?.  the  blue,  violet,  and  ultra-ridlet  rays, 
may  with  pruptioty  bo  designated  photographir  rays.  By 
cttUing  them  **  chemical  rays."  as  is  frequently  done,  they  are 
incorrectly  ascribed  the  exclusive  proj»erty  of  chemical  action. 
The  chemical  cffetTt  of  t)ic»e  ravH,  as  the  latter  dcsiguatinu 
Qtight  lead  one  to  think,  dej^nds  uot  upon  any  8])eciaJ 
r-honiicttl,  or,  afl  wo  wniielimes  say,  ''actinic"  |»owpr,  inhering  in 
them  alouo,  in  eonttadtstiuctiou  tu  all  other  rayft,  bnt  simply 
upcm  the  circiioistance  that  the  easily  decompasable  silver  salts 
absorb  the  more  refratigiblr  niy?i.  rthI  albiw  the  Ions  rofraDgible 
to  puss  through  unufl'ected.  Onltf  thoec  raya  can  affect  a  body 
tiiiiUr  cfi^miaaUif,  or  cth^rtoiie,  wAtcA  are  oAiffrM  by  the  body. 
V\<on  a  deeomixwable  budy,  which  absorbs  the  loss  refrangible 
tays  in  comparatively  largo  (piautities,  these  would  therefore 
eiert  the  strongest  chemic^al  action.  Nntnre  herself  furnishes, 
on  a  large  scale,  an  illustration  of  the  ehemicul  action  of  the 
less  refrangible  rays.  Plautd  procure  the  entire  supply  of 
carbon  needed  to  thoir  growth  from  the  air,  by  deoompoaing 
the  )ra8eou8  carbonic  aciil  mixed  with  the  air  into  carboD, 
which  remtuns  in  the  plant,  mid  u\ygen,  which  returns  in  a 
gaseous  conditioti  into  the  atmosphere.  This  decuinpttsition  of 
the  carbonic  ai^id,  nith  the  tt(U'^mi{ianyin^  afaimUaiioH  of  the 
carbi>n,  takes  ]>laru  in  the  tfrccn  portions  of  the  plant  as  a 
roeult  of  the  action  of  Minlight  npon  the  chlorophyl.  This 
result  is  duo  chiefly  to  the  mi<ldle  red  rays  which  are  absorbed 
by  the  chlorophyl  (Iiomniel,  1M7I ;  Kngelmann.  1881). 

350.  Energy  of  Solar  Badiatlon. — If  the  sulai-  rays  were 
r'imiplcti:ly  reflected  ut  the  surface  uf  the  earth,  they  covid 
uoither  warm,  uor  otherwij<e  utlect  it.  The  action  of  these  rays 
is  made  [Hj^siblo  by  the  Blwirptive  ptmer  of  terrerttrial  obJRcts. 
Pure  air  transmits  solar  ravs  abnust  iiudiiuuiished  in  inteusitv, 
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aod  is,  therefore,  but  very  alij;htly  henteU  by  them  <iirectly. 
On  the  other  baud,  the  .solid  portions  of  the  curth'^  tiurfare, 
uhi«h  )HMis«8B  <umsulHPablH  aW)rptive  power,  are  very  eousidor- 
ably  beat«i*l.  FtirLbeniiore,  radiatiuu  Trom  the  soil  gradually 
heftts  the  air.  ThU  bestiu-r  ellWl  Wing  different  at  different 
places  on  the  earth's  surface  it',*;,  at  the  equator,  where  the 
incident  rays  are  more  nearly  ])Qr|>eudirtilar  1<>  the  surface,  a 
liigher  tompe nature  is  reached  than  iii  the  pijlar  regions),  tlie 
eqiiilibriuui  uf  the  alnioHpheru  in  dialurbed,  and  in  the  attempt 
to  restore  itHell',  air-fiirrent'i.  C-aUed  winSa,  are  [iroduced.  The 
luovemeuta  of  atmuspherii;  currents  are,  therefore,  due  to  the 
energy  of  the  solar  rays.  In  the  breeze  which,  swells  the  sail. 
as  well  as  in  the  burritmne  which  upriK>ts  the  forest,  a  small 
[lortion  of  the  energy  which  the  auu  sends  to  the  earth  in  it« 
tbcnual  radiations  is  roTcalod  to  us.  In  the  process  of  evapora- 
tion, carried  on  under  the  influence  of  the  solar  rays  at  the 
surface  of  the  »ca,  iniim-nM^'  «|uuutities  ol'  water  vuj>i»ur  are  raised 
to  the  higher  utniospheric  layers,  whence  tifter  being  cuudouiwd 
to  water,  they  fall  a?  rain,  or  snow,  and,  eollecting  into  brooks  and 
rivers,  lUiw  H^aJii  to  the  niea  During  this  cirt-le  the  water  gives 
iiji  the  entire  (juautity  of  energj'  which  it  receivt^l  from  the  sun 
at  the  outset.  The  falling  raiudrup,  the  xbip-liurdened  stream, 
the  waterfall  which  turns  the  niilUheoI,  or  drives  the  tiuinel 
through  alpine  p^uite,  all  derive  their  energy  from  tlio  sun. 
In  the  green  foliage  of  plants,  the  carbonic  acid  taken  from  the 
air  ia  decomposed  by  th»  suhu*  rays  absorbed  by  the  plant,  the 
oxygen  lieiug  returned  tu  the  air  nhile  the  earbuu  is  &ssiniilatod 
by  the  plant.  In  the  woody  tlbre  of  trees,  the  energy  of  tbe 
aim's  rays,  coiisomed  in  the  formation  of  the  fibru  during  the 
course  of  years — is  stored  up,  as  it  were,  in  a  i>a&iiTe  or  latc-nt 
condition  to  reapiiear,  howevcf,  without  loss  or  gain,  as  kinetic 
energy  in  tbe  form  uf  light  and  heat,  when  by  burning  the 
»u(h1,  or  rather  the  carbon  it  contains,  it  is  again  reduced 
to  the  condition  of  carbonic  aciiL  In  the  seams  uf  coal,  which 
aru  merely  the  metamorphosed  renmins  of  |iriineval  plants,  we 
possess  a  well-filled  Btorehoiieo  of  latent  solar  energy,  which, 
li))erated  by  the  prtH-<»3  of  combustion,  beats  and  iUiiminatc« 
our  dwellings,  swings  the  hammer  in  the  workshop,  turns  the 
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spindle  in  the  factory,  and  drives  the  U>conM»tive  ii[hhi  its  iron 
Kay.  Among  aiiiinala.  some  feed  directly  iiimn  plants,  others 
derour  tLeir  herlMvownp  fellow-creetures,  s<i  thst  in  cither  case 
iho  life  iif  tho  animal  is  mmrislied  directly  or  imlire^'tly  by 
the  vegetable  kingdom.  Within  the  IwHly  of  an  animal,  the 
carbon  taken  in  with  the  fiiod  combines  with  ih**  iuhaliKl 
iixygen  and  is  exhaled  in  the  form  of  carbunic  acid.  The  cluck 
wouiid  lip  in  the  vej^tablo  kingdom  runs  down  again  in  the 
body  of  the  animal,  »>.  tho  energy  of  the  solar  rays  constuaed 
by  the  plant  in  the  separation  of  tho  carbon  from  the  oxygen, 
is  again  liberated  in  the  body  of  the  animal  iti  the  form  of  heat 
and  niotiim  on  the  re(:x)mbination  of  the:«e  amstitueut^  The 
heat  of  the  bbxHl,  the  piilae-beat  of  the  heart. and  thecapabiliiy 
lif  |)orfumiance  of  tlie  ami,  nre  mcrety  energy,  which  was  origin* 
nally  givoQ  out  by  the  sun.  Through  the  mediation  of  its 
rays  the  sun  thus  becomoH  the  soiiroo  of 
all  heat,  nf  alt  light,  end  of  al)  motion  upon 
tho  tturl'ai-c  of  the  earth.  To  ascertain  the 
Mmount  of  eoUkr  onergy  incident  u|)<m  the 
8urfaceoflheeflrth.it  is  necessary  to  determine 
the  amoimt  of  heat  produced  by  the  rays  of 
the  awn,  vhen  they  at©  completely  alKXkrbed 
bya  surface  of  delinite  size.  To  execute  such 
measurements,  I'uaillet  used  an  apparalns 
(Fig.  366),  called  by  him  the  pyrMiomeUr. 
It  compriflcs  a  tht^rmonietcr  whose  bitib  iseu- 
clowi  within  a  i-yliiidritral  vessel  of  ihin  sheet 
silver,  which  is  tilled  with  water.  The  portioQ 
of  the  thermometer  tube  outside  of  the  veAiel 
is  enclosed  bya  brass  tube,  provided  i*ilb  a  slit 
through  which  the  thermonii'tcr  ia  read.  The  brass  tube  carries 
also  a  metallic  disk  whtwc  diameter  ptpials  that  of  the  sitrer 
vessel.  To  canse  the  rays  of  the  sun  to  impinge  perpendicularly 
upon  the  bottom  of  the  vessel,  which  is  coated  with  lampblack, 
and  oonseqitently  in  the  most  favourable  direction. the  iutitriuuent 
ia  so  directcii  that  the  shadow  of  the  silver  vessel  lalU  exactlv 
apim  tho  metallic  disk.  The  rise  of  the  thermometer  i»  now 
observed  for  tire  minutoe,  and  since  the  weight  of  the  water 
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oonteiued  in  the  veseel  is  known,  the  mimW  of  heat  units  may 
be  obtained,  which  tho  blackened  siirfaoe  Blworks  fn)m  the  mm 
•Inriiij^  this  time,  But  during;  the  ex]»erim«nt  heat  has  also 
befcii  lust  hy  rn<liation  from  the  co'Rt'^d  snrtacc  This  Iurs  is 
al'tern'ard  r)btainc<I  by  ohserviii^r  in  the  stiatle  the  fall  uf  the 
thcnndinoter  for  fiye  niinnt*'S.  The  amount  of  heut  lost  by  this 
fall  is  then  added  to  the  ^juantity  of  boat  found  aWve.  Adding, 
then,  to  this  enm  the  loss  of  beat  due  to  absorption  duriiiji^  the 
jiassagoof  the  laystbruush  the  atmosphere,  it  uh  found  that  the 
amount  of  heat  incident  upon  the  earth  iii  the  wnirse  uf  a  year, 
and  dne  to  the  solar  railiation  abme,  would  melt  a  shell  of  ice> 
enveloping  the  entire  terrestrial  globe,  \a\  a  thicknesa  of  thirty 
motors. 

351.  Fresnel'*  Experiment. — From  a  slit,  P,  illuminated  by 
the  lens,  L  (Fig.  3(>7).  and  stan<ling  jierpendiciilarly  to  the 


Fig.  397.— Prerael's  Expcrirnsnl. 

plane  of  the  drawing,  a  beam  of  light  is  made  to  fall  ii[iuQ  two 
mirrors,  AB  and  BC,  which,  to  the  end  that  each  may  hare  but 
a  MU^'le  reHei'tiDg  Miirfac-e  and  form  but  a  aiiigle  image,  are 
Duule  uf  bla<>k  glass.  'I'hey  are  jdaced  with  their  etlgos  to- 
gether at  B,  and  with  their  faces  inclined  at  a  ver^'  obtuse 
angle.  The  rays  fr<:>m  the  mirror.  A13,  are  reflected!  as  thoagh 
they  came  frum  the  ]>oint.  .^1,  ainl  fnim  the  mirror.  BO,  as 
though  coming  from  N.  Consecjueutly  two  luminous  cones, 
Mmm'  and   Nan',   proceed  from   tbe  mirrors,  and  appear  to 
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enianatd  ittna.  tbe  |H>iQtti,  M  anil  X.   Tlioy  hare  the  SI)a(^e,  Bmn, 

iu  ('(immoii,  kd  that  tlu>  jn  irtinn,  mn,  of  th»  screen,  mV,  retreives 
light  tiitatiltuueuusl)'  tVom  butb  ctmeK.  In  the  centra  of  the 
field  aow  Is  Avexi  u  Noricxs  nf  altcn]»l<>ly  bright  auil  daclc  streaks 
lying  jiamllul  with  the  lidp;"?-  li-  \Vhcn  uiie  uf  the  mirrors  is 
ooTeretl,  these  streaks  cUsappeur.  aud  the  field,  mn,  now 
r6cei\'ing'  light  I'rom  the  other  mirror  alone,  appears  iinifunnly 
bright.  Tlie  ittreuks  HppHHr  a^nin  ah  snuti  as  the  I'over  vt 
removeil,  and  tbe  light  I'ruin  the  |)eiiil,  N,  is  ailded  lu  that 
from  the  point..  M,  U]>ou  the  scroon.  Frcsiiol's  experimenl 
therefore  provL-s  ihat  when  Itffht  is  adth^d  to  liglil,  the  result  may 
he  oitlicr  intrinsi^td  Wi'jhineas  or  ahtoluti  rfaritn«M,  depeudent 
upon  the  niannor  of  the  atlditiuii. 

The  asgiimption  tliat  lijrht  is  matter  (KewtimV  i>itiuiiati<iD. 
or  emission  theorj',  or  iMrimscuUr  tJiLviry,  ItiiiJt),  whose  |>arti<'les 
are  hurla<l  from  luminous Ixidies  iiith  a  velcmity  of  30O,U4>()  km., 
is  wholly  ini-apabht  i»f  funiisbiii*f  a  siitisfiirtj iry  i-xplmiatioii  uf 
tlie  la.'it  nientieiiud    fact.     On  the  ^'outmry,  from  the  other 

[KM.sihle  asramption  that  light  is  a 
mode  rif  vibration,  pntpa-iratM  from 
molecule  to  mnlecule  in  a  milium 
called  efher,  mipposml  tu  till  all 
Kpa(i>,  in<'lu<]ing  the  interstices  be* 
twecn  the  moleL-idcii  of  Ixxlicfi  and 
with  the  above  iu«Dtioncd  volodty 
(undiilHtorytheory,Huygheng,HI7S). 
the  pbLniomeiion  t'ollous  a<<  a  ne<'e»- 
sBr\'  coU!tc(|ucuae,  vix.  a^  an  inter- 
fei-eiicL-  phenomeuou  (Young.  ISOl). 
Let  the  two  points,  M  aod  X,  be 
regarde-l  a.s  tbe  aourees  of  tivo  intor- 
jKH'tiiig  series  of  wuvdr  (waves  of 
water),  whose  crests  iu  Fig.  .IttS  bi« 
indicated  Liy  full  liuo»,  luid  whtMe 
froMjj/isareshownhydotted  lines.  At 
the  ]»oiut».  [},  '2,  and  2',  then,  where 
two  troughs,  or  two  crests,  meet,  the  motion  will  be  int^nmlied, 
while  at  the  points,  1, 1',  3,  3',  where  a  crest  and  a  tnnigh 
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intersect,  no  miplinuat  all  will  exist.  But  wliat  is  called  i^t  in 
cftse  ol*  the  wftYiKS  of  water,  15  darkness  witli  the  lumiiiuus  vitim- 
tion  of  tUo  i'th(.T.  Ileimo,  if  we  c-onceive  light  tn  be  a  nimle  <if 
wave  mutiuii,  we  rt-itilily  iimleretMnJ  why  bright  ami  liitrk  jjlaces 
alternate  upon  a.  3cro«Q  placed  at  3  aud  3',  01  ratlior,  inasmuch 
Bs  li^ht  i.4  |)ro])a||i;ate4l  in  the  cowlititm  of  spherical  wavos  in 
the  etht^T,  why  it  is  that  lirighl  uud  liurk  xtrealcs  Hppear  in 
|Mi!titions  pnmllel  td  the  rommoQ  edj^e,  B,  oftlio  mirrors. 

Considering  now,  instead  of  tlio  waves  themselves,  the  ravs 
pruoecding  fnmi  the  two  cx-iitrui!  of  exeitalion,  M  ami  N.  toward 
each  point  of  the  screen,  it  is  clear  that  the  two  waves,  from  3t 
and  X  to  the  niiddlo  point,  (I,  ure  of  equal  lengths.  Tlie 
vibrations  proceedinj^  sitniillatieoiiHly  from  the  r»ntres  tueel, 
tlierefore,  Ht  the  point,  <J,  in  the  same  ])hase,  ami  nintnally 
intensify  eat^h  other's  effect.  Bnt  at  the  point.  1  (and  likewise 
ut  V\,  two  ray.s  meet  whose  paths.  Ml  and  Nl.  tliflcr  hy  half  a 
■wave-length.  The  impulses  imparted  by  them  to  the  poiut,  1, 
are,  tlioroforc,  equal  and  opposite,  and  the  [Kiint  remains  at  rest. 
The  same  thing  hapiwnsat  the  points.  If,  u, mid  so  on,  wherothe 
differences  of  the  distanoos  traversed  by  the  mys  amount  to  3, 
6,  and  so  on,  in  general  to  an  <idd  niimlwrof  half  wave-lengths. 
At  tho  plai'w;,  2,  4,  etc.,  where  the  rays  meet  after  having 
traversed  distances  ditlenii^  by  1,  2,  etc.,  or  in  general,  by  any 
numl>er  of  entire  wave-leugths,  and  are  ctnisecpiently  in  the 
marne  phase,  the  most  vigorous  vibration  takes  place.  The 
intervening  {xnutii,  where  corn»pondin<j  rays  meet  in  all  jHHtsible 
atagetif  of  accordance  and  discordance,  are  in  slates  of  le:t& 
rigorons  motion. 

It  may  perhaps  bo  osked  why  Ibo  Inminotw  centres,  M  and 
N.  woro"  formed  in  this  circnilons  way,  by  the  nso  of  minors, 
rather  than  direelly  by  two  luminous  lines,  for  example,  by  two 
glowing  platinum  wires.  By  using  ituurce^of  light  of  the  latter 
.sort  it  would  !«  found  that  no  interference  bands  nould  appear 
upon  the  scroea.  For,  from  the  above  diflcusaiou,  it  is  evident 
that  the  two  ware  systems  muat  pnweed  simultoneouHly  and 
similarlv  from  the  two  centres  of  excitation  in  order  that  the 
plieuomena  of  interference  may  arise,  lint  it  is  impossible  for 
ux  so  to  control  the  luminous  process  in  two  glowing  bodies 
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that  the  vibrations  s«Dt  off  by  the  one  may  be  in  exact  ac<M>rd 
with  thoKe  of  the  utiier.  After  a  short  time  thure  will  uccur  io 
each  i)f  them  iiitonuijtious  of  the  motiuu,  oUanges  of  phase  and 
other  disturbdDced,  Trtxich  will  not  occur  aiiuullaneotislT  in  the 
other.  The  processes  of  ileveluping  tiglit  iu  diHerent  fiources 
are  in<le|)ende&t  of  one  another  (incoherent),  and,  therefore. 
disiiiniilar.  The  similarity,  or  cxiherenry,  dcmaudt^l  fur  inter- 
ference is  nio8t  certainly  suciircd  by  producing;  the  two  wftTe 
Hystcms  in  mioio  nay  from  Iho  «iuua  source.  For  the  irrv^- 
larities  of  light  development  in  the  single  aouree  then  occur 
aimnttajienuxly  and  a<vordantly  in  both  wave  HysteniB,  and  will, 
tlierefon*,  have  no  inlluence  npou  the  accordauce,  or  disconl- 
auco,  of  tlio  rays.  Tlie  lattvr  will  now  be  due  wholly  to  the 
dilTerencea  of  the  distauces  traversed  by  the  vibrations. 

In  place  of  the  mirrors,  the  obtuse-angled  doable  prism  of 
^1h^  ^own  in  cross  section  in  Fig.  369,  may  be  used.    From 

the  front  HurfareR  of  tins  prism,  the 
rays  troniing  fr(»m  the  soun-e,  T,  will 
])ass  prcM'isely  as  though  they  cama 
from  M  find  N. 

If  iu  Frcsnol's  experimout  tha 
aperture  of  the  heliostat  is  covered  in 
turn  with  n^,  green,  or  blue  glass,  it 
is  noticed  that  with  blue  light  the  dark 
strGnksi^tand  closer  together  than  with 
green  light,  and  with  green  light, 
closer  tlian  with  red.  Consequently, 
.  bine  rays  require  a  smaller  <liffer- 
Fia.  809.— Tnterferonoe  erice  of  diKtauoe  from  the  ref)j)eclive 
sources  to  neutralize  each  other  than 
green  and  still  less  than  the  red,  or  the  wave-length  of  blue 
light  is  less  than  that  of  green,  and  this  in  turn  is  less  than 
that  of  red  light.  Generally,  to  each  simple  colour  corro- 
sponds  a  definite  wave-length  which  grows  smaller  iu  the 
succession  of  the  spi^ctral  culours  fnmi  red  to  violet.  When, 
therefore,  the  interference  experimeut  is  ]>erformed  with  white 
light  containing  all  the  primary  colours,  in  place  of  the 
alternating  stripes  of  white  and  black,  coloured  etripee  appear 
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upou  tie  scroen,  becauso  from  the  diftoront  wnve-leagtli*  tbe 
stripes  uf  diileieiit  coloui?  do  nut  (toincide.  Moreover,  since 
witli  grottter  difference  nf  cli.staiic«>  fmiii  (ho  sniirces  to  any 
giten  \iitu:o  of  tho  scroou,  luoro  aiimcroiis  uituusilicatious  aud 
enfeeblemente  of  the  variouu  colours  mtermix,  there  are  seen 
with  white  light,  at  both  sides  of  the  centmt  bright  stivak,  but 
few  ooluure*!  stripes  whic-h  fade  outward  Hint  liiiully  beoomu 
loat  in  a  uniform  white.  Jiiitwhen  hoDiogeneuus  light  is  used, 
tho  diu-k  stripes  are  perfectly  block  and  are  present  lu  gioat 
([uuiititios. 

352.  Wave-leagtha — Vibratios  Frequenciu.— In  odditiou  to 
this  geueral  informatii)n  cojiceniing  the  ratios  of  the  wave- 
lengths, Frosucrii  ei^porLiiLOiil  will  ulso  furnish  measures  of  thee» 
ratios.  The  differcneo  uf  the  dislaiieea  fium  the  pointn.  31  and 
N  (J''ig.  UliS),  to  the  fiist  (or  socund.  third)  black  striitc  must 
equal  one  (or  three,  live,  etc.)  half  wave-lengths  of  thtj  homo- 
};encous  light  nsed.  Fresnel  executed  these  nicajiurcment«t 
for  light,  which  bad  been  -[taased  through  red  gla^s  and  found 
its  wave-length  equal  to  tiSS  millionthg  of  a  millimeter 

According  to  a  methoil  to  l»e  discuiised  later,  the  wave- 
lengths fur  definite  rays,  viz.  fur  the  rraunhofer  lines,  have 
been  measured  with  extreme  ai-tTuniey.  Light  waves  are 
extraordinarily  small.  Upon  the  ajMce  of  one  millimot(.-r. 
i'iilj  wavea  of  the  extreme  red  (line  A)  would  lie.  16W8  waves 
of  the  yellow  sodium  light  (IJ),  and  2'>4'2  waves  of  the  extreme 
violet  (H). 

The  velocity  of  light  l.s  now  known  to  bo  ;»0,000  km.  per 
Met!.,  and  that  in  the  ether  of  caninic  s{>aco  (*n  vacuo  and  appp>xi- 
iiiatuly  uImo  in  air)  it  m  the  same  for  all  kinds  of  light  After 
the  wavo-longtlis  of  the  difForont  primary  colouw  are  known, 
their  vibration  frequencies  are  readily  obtainable.  These 
fre^juenoies  are  expressed  by  the  number  of  wavo-leugths  of 
each  kiud  of  light  cuntaine«l  in  the  distance  of  300,000  km. 
For  the  extreme  red,  1315  of  wbo^e  wavcsi  equal  the  length,  of 
imo  millimeter,  it  is  found  that  the  enunnoos  number  of 
3U4,50D,uO(i,UOU  vibratiuus  uccur  in  a  second.  Tbe  smaller  the 
wave-length  tho  larger  tbe  fTequeney  muat  be.  In  a  ray  of 
yellow  sodium  light  each  particle  uf  ether  makes  509  billion 
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(Frenclt)  vibratiuut)   [ur  Recoiid,  and  tci  the  extremo  vi»lot, 

corresponds  h  viI>mlion  frf(|iieu<-'y  nf  7ti3  billioiu*. 

The  pilch  of  a  tuue  U  higher  (he  greater  iu  vibration 
freqnency.  Just  as  the  ear  perceives  the  freijiiency  of  aoond 
vibrations  oa  pi/eh,  the  eye  toke^  eopnizauce  of  himinoiis  vibra- 
tions as  colour.  To  produce  the  seiwation  of  the  yellow  of  the 
(tufUura  flame,  e.\Hct)y  ^09  billiou  ether  waves  must  outer  tbft 
eye  every  »ie«i<md  imd  Ktrike  the  reliua.  Similarly,  the  colour 
of  each  simple  ray  is  detemiitied  by  the  number  of  its  vibratioiia. 
The  frci[uency  i»  the  invariable  cbaTBCterintic  of  what  with  the 
perceplion  of  light  is  callud  cotuiir,  and  uith  the  .perception 
of  tioiind  is  called  pitch.  The  succession  of  cuionnt  of  the 
i)pectruDi  may  be  regarded  m  a  Aort  of  light  scale,  or  ^imui, 
liwng  pradnally  from  the  lowest  tone  of  colour  [tcrt^ptiblo  to 
the  eye,  the  extreme  red,  to  the  highest,  the  extreme  violet. 
The  low  ultm-red  shades,  or  toMS,  whose  vibrations  are  too  sIo»' 
to  nivaken  the  tteiimtiuu  of  lij;ht  in  the  optic  nerve,  preeeile 
the  visible  coloiu-  scale,  and  the  highest  tones,  the  ultra-violet, 
producing  iu  the  eye  only  a  very  feeble  luniiniHiA  iniprosaion, 
fnllow  it.  ]i)  music  at  one  is  called  the  (H^taveof  another  when 
its  fre'inency  is  tnice,  or  its  wave  length  one-half  as  great  as  that 
of  the  latter.  If  we  ajiply  this  nomeuetature  to  the  anaIi^j;ous 
realm  nf  colour  tones,  wo  may  say  that  the  visible  spectrum 
(from  A  to  R)  is  not  (|uite  an  octave.  Considering  the  solar 
spectrum,  however,  in  its  entire  compass,  it  may  be  said  that 
the  ultra-red  comprises  about  four  octaves,  the  visible  [wrtiou 
not  'luito  one,  and  the  ultra-violet  a  little  more  than  one ;  so 
tbal  the  entire  scope  of  the  aolar  rudiatious  known  to  ua 
enibrHL'L's  Hlmut  six  (icIhvl'h. 

&53.  Huyg-hens'  Principle — While  a  light  wave  is  Iwinj,; 
Itropagatcd  throuj^h  a  mediiiui.  each  molecule,  ur  particle  of  the 
luediuni,  imitates  the  vibnitnry  motiitn  of  tliu  one  exritiDg  it- 
Since  uow  <.-tich  iiarticl*.-  stiutds  iu  the  isaiite  n.>latiou  t<»  itM 
Boighbours  aa  docs  the  first  with  rosjxjct  to  those  about  it,  the 
former  must  prodneo  oxaclly  the  same  effect  upon  ita  enviroii- 
meut  as  the  one  Drst  exuitcd,  and  may  just  as  well  as  any  other 
particle  be  regarded  as  the  source  of  the  system  of  waves.  The 
»umberle88  simnltauetius  partial  wave s)-s(ems  radiating  from  all 
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tlie  jiftrticles  in  motion,  protlure  by  their coiubiiied  actiuii  (tlioir 
superiwsition)  the  priiKTipal  wave  system,  which  is  the  «y.'itom 
actually  ol>servml  to  otnaaatc  at  any  instant  from  the  centre 
of  (listiirbaBcc.  This  important  proposition,  called  Jltij/f/heta' 
prineiph,  revoala  the  true  i>ro(;es3  «!'  wave  jiropagatiou  in  a 
me<(Iiam  having  extent  in  nil  dirsetions,  since  it  taken  (lim 
acconnt  of  the  mutual  actiims  of  all  the  particlts  mimmnding 
fiwc)\  particular  particle  cfjncernod  in  tho  vibration.  In  such  a 
metlinm.  the  propagation  of  the  vibratory  motion  alou^  a  single 
straight  Huo  obviously  oannot  occur.  The  subject  of  conaiJei-a- 
tion  must  always  bo  the  pro|iogntioD  wf  a  portion  i>l  a  wave. 
J3ut  to  every  portion  of  a  wave,  howsoever  small  it  may  be, 
Wongs  a  coTiutless  number  of  rays,  which,  in  their  tutality, 
compose  a  beam,  or  jpencil.  Indiviiiiuil  rays  do  not  t-xiat  in 
nature.  Beams  are  the  simplest  clomentfi  of  light  capable  of 
physical  existence.  But  the  ideas  heretofore  advanced  on  tbn 
assumption  of  tho  possible  esistonee  of  individual  rays  will  Iw 
in  complete  accord  with  the  phenomena,  if  we  regard  eai-h 
light  ray  on  the  represontative  of  the  very  slender  beam  to 
which  it  Imlongs, 

Since  in  a  homogeneoiui  medium,  the  waves,  e.ff.  the  mmnd 
-wavcg  in  the  air,  the  light  waves  in  the  etbor,  etc.,  radiate 
from  the  centre  of  cxi'itntion  in  the  form  of  spherical  envelo|ies:, 
each  wave  ray  constitutes  a  ra^lius  of  a  sphere  and  Is  perjteii- 
dicular  to  the  correi^iKtnding  ]H>rtion  of  tho  wave.  If  this 
pttrti(»n  hf.  rrganlfd  u.s  smiUI  and  remote  from  the  centre  of 
excitation,  tho  rays  may  bo  regtirded  as  paratleJ  to  each  othur, 
tmd  tho  element  of  wave  siurface  may  be  considered  pian«.  In 
general,  to  every  beam  of  parHllel 
rays  bclougsaluays  a  plane  wave 
lying  perpendicularly  to  the 
direction  of  ihi"  rays. 

354.  Explanation  of  Reflec- 
tion and  Refraction.— Let  us  now 
incpiire  what  happens  when  n 
iKmii  of  jiarallel  rays,  aiiuta"h, 
falls  iijMin  the  plane  surface  nih,  separating  two  different  me<lia 
(Fig.  370).   The  plane  hhtc.  uik.  of  the  beam  impinging  against 
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t]ie  surface  sots  tlie  superficial  particles,  mm'k,  succMsiToly  in 
viliratum,  ftuii  eaoli  *>(  tho  particles  faccordiug  to  Huyjjliens* 
prinuiple)  seudo  its  own  wave  system  bai-k  into  tho  first 
medium.  At  the  instant  wben  the  point,  k,  of  the  sarface  i» 
rCAolied  by  the  incident  nave,  the  point,  m,  6rst  reached,  has 
produced  a  (circular,  or  spherical,  partial  ware,  which  ha8  spread 
out  around;  m  just  as  i'ar  as  the  jiriniary  wave  has  adrauced 
meanwhile,  aa  that  the  ladins,  mo.  of  this  partial  wave  is  <X)i]al 
to  the  distaaee,  ?nk.  The  puints.  m  and  i,  have  iu  the  mean  time 
produced  elemeutary  waves  whose  radii  are  smaller  the  nearer 
they  lie  to  the  point,  A.  The  point,  »»',  for  example,  province* 
a  wave  ivhose  radius,  m'o,  equals  ka.  The  common  tangent,  ko, 
to  all  tho  elementary  waves,  aloug  which  all  mutione  are  in  the 
some  ]thaso,  represents  now  a  principal  wave  passing  from  thi^ 
surface  into  the  tirsl  medium,  nr,  technically,  reflected  from 
this  surface.  Manifestly,  frnni  the  iionstriiction,  the  reflected 
wave,  A»,  is  incline<l  to  tho  rctlccting  surface,  mk,  at  the  same 
an£!:Ie  05  the  incident  wave.  Thecorrc^iponding  rellocted  beam, 
Ttilkr,  whose  rays,  mU  m's,  kr,  arc  perpendicuJar  to  tho  M-ave.  ko, 
forma,  therefore,  with  tho  surface,  mk,  and  ciiii3e*|uently  also 
with  the  unrmal,  an  angle  egnnl  tti  that  of  the  incident  beun. 
From  the  ix^ints  of  the  wirface  which   hare  Iwen  set  in 

motion  hy  tlie  incident  ray. 
waves  must  also  be  produc«<l  in 
,r  the  second  modiiui,  which  will 
lio  propagated  with  a  velocity 
diflering  from  that  in  the  first. 
The  elementary  wares  fmm  the 
point,  a  (Fig.  <i71),  which  is 
first  fitnick  hy  Uie  incident 
Fio.  37i.-Kipiaiuuian  o7  BefiMUon.  wave.oi,  will  then,  at  the  instant 

when  tho  incident  ray  reacht* 
the  point,  i/,  have  a  radius,  ae.  This  radius  mil  be  to  the  dis* 
taiicL',  hb'.  which  has  been  traversed  simultaneously  in  the  first 
medium,  in  the  mtiu  of  the  velocity  of  proimijatiim  in  thi* 
first  medium  to  that  in  the  second.  Since  the  tangent,  b'c, 
drawn  from  I'  to  this  first  elementary  wave,  touches  also  all  tho 
elementary  waves  thui^  far  tbrmeil,  and  all  motions  in  it  are  in 
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the  sajiie  phase,  it  representa  lUe  plaue  prinuin'  wave  entering 
the  seoonil  medium.  It  is  apiiarent  that  tm  passing  frtiin  one 
medium  into  the  other  the  wave  suflers  riellection.  Its  fn>iit 
advances  now  in  a  ilirectiwi  Uiffetent  hyiu  that  wf  the  inci- 
dent wave.  The  coirospouding  beam.  aE6'F,  fonns  with  the 
normal,  laV,  an  angle  diflcring  from  that  of  tho  incident  lieani. 
It  has  snfi'ereil  refraction.  When.  as.  is  assumed  in  the  ligure, 
the  veliMiity  of  ]iroi>agation  in  the  second  nieflinm  \»  less  than 
in  the  first,  the  angle  of  refraction,  r,  \»  less  than  that  of  inci- 
dence, I,  or  tho  beam  is  rotracte-I  toward  the  normal.  If  the 
diHtaJK'e,  all',  be  taken  as  tho  Iin<-ar  unit,  hit  is  tho  t)ino  of  thi> 
angle  of  incidenue,  i,  and  a«  that  of  the  anglo  of  rofrarlion,  r. 
But  the  lengths,  W  and  n^,  are  to  each  other  in  the  invariable 
)  ntio  of  the  velocity  of  jirojiagation  of  U^ht  in  the  first  and  in 
the  second  media.  From  the  theurv  of  w&va  motion  follunn, 
then,  not  only  the  law  of  refraction,  that  tlie  sine  of  the  angle 
of  incidence  has  a  Used  relation  to  that  of  the  anglo  of 
refraetioii,  but  also  tho  true  siguiliL'ancG  of  this  relati<mshi[>:— 
tiie.  ituhx  of  refraction  is  the  ratio  of  tlm  vdoeity  of  projiagatioa 
in  the  firjtt  mttdiv-m  to  that  in  the  second.  It  rexnltK.  then,  from 
tho  uiidulatury  thvory  aa  a  uecoHiary  (■un$el(Qen1^o,  thai  iiyht  is 
propaijctted  more  altntlt/  i»  a  more  hifihhj  tiian  in  a  ha  highly 
refracting  medium.  The  corpnscnlar  theory,  on  the  other  hand, 
whit-h  exjilaiiui  refraction  a.<t  an  attraction  of  the  refracting 
body  for  the  hy]Kithetical  lumiuouii  umterial,  lead^  to  the 
roncluaiou  tliat  light  jw  proi)agated  more  rapidly  in  the  more 
highly  refracting  medium  than  in  the  less.  The  contra- 
diction brought  to  light  in  theae  opposed  conchisions  afforded 
the  means  of  terminating  the  lon^  contest  waged  between  the 
corpuscular  ami  uudulatitry  theories.  Fuumult  succeeded 
(1850),  by  the  following  ingenious  ex[jeriment,  which  made 
possible  the  measun'incnt  of  the  velocity  of  light  within  a 
imiall  rijom  (!)20),  in  summarily  Nettling  the  diiiputA.  A  beam 
of  rayis  admitted  throngh  tho  ajjorture.  O  (Fig.  372),  wait 
throTm.  by  tho  gla&s  plate.  P  (inclined  at  an  angle  of  4o  ).  upon 
a  email  plane  mirror,  S.  l-'rom  here  tho  beam  was  reflectc*!  to 
a  ooncATe  mirror,  H,  of  radius,  HS,  whence  it  returned  along 
the  line,  tSP,  to  the  glai<s  plate  which  deflected  it  laterally  along 
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(Po>  touard  the  uliserver.  Wlien  tho  mirrur  was  nitater]  rapidly 
abuiit  Hn  axis  per))etulicular  tu  thi*  |)lane  uf  tbe  fi^re,  so  that 
ftfttr  tbe  light  hai)  traversed  the  (listanw,  SH.  in  t«oth  riirectinns, 
the  iMK-itiun  of  the  mirror  hat!  changed  souienhnt,  the  rcrHectt^i 
ray  then  ])U.-«»e(l  toward  SI",  a.iid  shoned  tbe  image,  o,  uf  the  a^ier-     ■ 

ture displaced  to  o.   From  the 
-.  tlis|)i«<'emenl  and  the  nieasuro- 

Pff  "  '  W  able  velfwily  of  rutatioQof  tha    ■ 

■'  *    mirror,  S.  the  time   retjuired 
for  the  light  to  traverae  twice 
the  distani-e,  1 1 S,  ytuA  ohtoinod.    ■ 
^Vb6H  a  tulw  HUcd  with  water,    " 
aud   i.'l<)«f!d   at  it«i   eudu  with 
Fi«.m-Fm.o«ulf.Espoil«a>L      ^^^  plates.  iTas  inserted  be-    M 

tweec  S  and  H,  the  «ii!i[)lacemeut.  oo'.  was  fimnd  to  bo  ijreater    ™ 
than  fur  air.      Light  is  prupagatol,  IberrforL-,  more  aiotritf  in 
water  than  in  air.  and  it  was  Imind  that  Ibi;  vcbicity  in  water 
is  only  three-fourths  of  that  in  aii'. 

'i'liE!  }ir(i}HtKit.ion  fiwumed  above  foT  empty  epat'c,  that  light  of 
aJl  wavivlengths  is  projwigated  with  the  same  velwJty.does  not, 
then,  hold  guod  fur  the  }iri»])a^fatiiin  of  light  in  transjtarent  bodiea. 
For  the  fact  nl'dis]iersi<Hi.  inttTprcled  on  the  undtilatory  theory. 
proclaims  that  in  c^iloiirltxsa  tniiu(|mrent  enhstanoes,  rays  uf 
greater  freqnency  are  pro;iagati;d  irith  loner  rejocities.  Ixl  air. 
of  wtnnw?,  and  in  ^anGH  gcnerolly,  the  dis])eraion  is  so  insigoifi* 
Kant  that  we  may,  wiibmit  npprtHuable  error,  aseribo  the  liaine 
velocity  to  all  rays  projiagBttHl  through  them.  This  velocity  is 
less  than  that  for  empty  space  in  the  ratio  of  1 :  1*0002^. 
The  latter  niiinber  is  tbe  index  of  refraction  from  vacuo  into 
ail  of  0'  and  760  mm.  pressure  {32G). 

Aa  for  the  pit4-*b  of  a  sound,  sco  aliw  for  the  colonr  of  homo- 
geneous light,  the  i-imtniUiiig  t^ull.'lideratioQ  is  the  frequency. 
and  this  does  nut  idiange  on  th«  [msisage  of  light  from  one 
mediom  into  another,  'fhe  vave-Iengtb,  on  the  contrary,  does 
vary  during  the  passage,  for  it  is  ahiays  obtained  by  dividing 
the  varialle  velocity  of  proimgation  (whi<-h  varies  with  the 
medium  and  also  with  tbe  coloiu*)  by  tbo  invanalle  frequency- 
The  wave-lengtlis  in  air  Iwing  directly  mcasnrable,  are,  however. 
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onliitfti-ily  given  instead  of  the  frecitieucias,  to  distinguish 
the  several  varielios  of  homogeueous  light,  and  the  wave-ltJiigth 
in  any  ^iren  siil'sttim-v  is  tiitm  fuimil  by  diviilin^  tJie  waTO- 
leii^tb  iu  air  by  the  in<[ex  of  rufiauLioii  of  the  substance. 

35S.  Doppler's  Principle. — A  case  is  nevertheless  conceivablo 
in  whii'h  a  variiitiim  of  lliu  i'rec|uency  duea  ocmir.  Doppler,  in 
3841,  L-alk-d  atiyiiliiJii  t<j  th«^  fact  that  the  pit4!li  of  a  tone,  or 
the  colour  vi  light,  miul  riM  or  fall  according  as  the  sonrpe 
«ppn«U'hes  toward  or  rocodcs  fn>m  the  observer.  In  the  former 
ca«e  the  organ  of  huiiuo  (the  car,  cir  tho  eye)  receives  within  a 
aecund  a  greater  number,  and,  in  the  latter  case,  a  smaller 
number  <ir  wavci$  than  would  impitige  npun  it  if  the  suurco 
were  at  rest.  When  n  train  is  passing  a  railway  station,  the 
pilch  of  the  uhii^tle  of  the  li>cotnntlve  ri-teit  |>erceplibly  wlule 
the  train  is  appnmching  the  stntion,  but  fnlU  whilo  leaving  it. 

Sn])piii8enow  that  a  ball  of  glowing  sodium  rajHtur  is  moving 
thnjugh  iuterst^'Ilar  8pac«  with  high  velocity  toward  the  cartli. 
its  light  must  nci.-essanly  appear  more  greeiuBh  than  docs  that 
of  u  torresttrial  Bodium  tiatne.  When  the  body  is  receding,  its 
yellowish  light  would  nppcar  more  reddish  than  it  would  wore 
the  ball  at  rest,  [f  now  this  light  should  be  caught  upon  ■ 
prism,  in  the  formor  ra-so  it  would  arrive  at  the  prism  with  a 
greater,  ami  in  the  latter  with  a  smaller,  frequency  than  that  of 
a  stationary  sodium  flainc,  and  it  would  be  refracted  correspond- 
ingly more  or  lees.  In  a  Rpectro9co|j«  directed  toward  the 
moving  source  f)f  light,  the  bright  sodium  lino  mnst  then  be 
shifted  towanl  the  more  refrangible  or  toward  the  less  refran- 
gible end  iif  the  spectrum,  according  as  the  moving  source 
approaches  townnl.  or  recedes  from  the  obsorvcr.  What  is  true 
of  the  bright  t^udiiim  line  in  the  example  cit<Ml,  is  also  true  ol 
the  dark  lines  in  the  spectrum  of  a  star.  They  will  no  longer 
coincide  with  the  bright  lintw  of  the  simple  substance,  through 
whose  selci'tive  absor|>tiou  thoy  arise,  if  the  star  is  moving  with 
sufHcient  rapidity  in  the  line  of  sight  From  the  direction  and 
amount  of  the  diHplHi->t>uient,  the  direction  and  the  magnitude 
of  the  component  of  the  star's  vtdoi^ity  in  the  line  of  sight  are 
deducible.  In  this  nay  Iluggins  found,  by  comparing  the 
F-line    of  the  spectrum   of   Sinus  with  the   oorreeponding 
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bluisli-greon  lino  iu  tlio  sjicctrutn  (if  a  Geistlcr's  tube  containing 
hydrogou,  that  8iriuit  is  receding  frum  tbo  xuliir  system  with  n 
velocity  of  48  km.  i^x  second,  uud  Lockyer  ooucliided  from 
the  peculiar  displacements  and  deformfttions  of  the  F-Iine  of 
the  solar  sjiectnim  that  the  glowing  mftsses  of  hydnt^n  in  the 
"  uyduneti "  of  the  wdar  Htmoitphere  are  mtaling  with  a  velocity 
of  from  fiO  to  CO  km.  per  seiToiid. 


SS6.  £mUtlon  uid  AbioiTtioa. — Aftci'  haTtng  expluned  reflocttuii  ami 
refru^lion  )iy  tito  im'lulAtorj  tlicory,  lot  hb  briefly  indieikl«  hewth«  pfoeowwt 
nnderlj-tng  tha  Dtiior  litminons  phonoiiiena  tutJiorto  diacufMiI  Biay  be  ooi>- 
OftiTod  to  tflico  nlscc.  A  boily  Imcoihob  a  sonrcp  of  beat,  or  of  light,  bj  viitns 
of  on  iistrttmciT  npid  ribratory  motion  of  itA  fHirticlO)(.  TliiB  motton  is 
prD{>A^t«il  ill  tiv'  form  of  vavoi  in  the  turroiitujing  «tli£r,  And  i«i  perceived  by 
the  nerves  of  fc«iiiig  lut  htai,  asA  by  tl)«  ojitic  nerve  oa  %l>t,  m  ow»  m* 
nbrations  nro  euffioiaiUy  npid.  Every  Ixxly  »  eomrwfted  of  moJocuioe,  II  i* 
solid  if  iu  moll^{n]!ofl  are  drawn  lo^llior  hy  oub^'ic-ii  intci  ccruin  definili^ 
poationaofeiiitilibrium.ftndtflich  that,  when  tiicso  position  are  (firtnrbod,  the 
iQoloculos  vilmtto  About  tiiviu.  lu  liie  liijiii'l  coiiilition  Llll^  inoleoolet  have  tw 
6xcd  pMiCioiM.  Tboy  owvo  rroely  among  each  other  from  pUcc  to  plac»,  tbe 
foTCO  »f  colxMion  provcDting  thorn  alwuyi  from  pacsing beyond  n  certain  limiL 
Id*  (OMOiu  comiltion  the  molecules  are  roloaietl  rroni  Ibeir  latitoal  bocnK 
and  niov«  freely  at»l  uidqiviidviiliy  Uuouelt  Hmoe.  VA^h  [ii>;I<.-culv  is  boUt  vp 
in  licliiiile  wtiy  of  like  ur  iiiiliku  utouiit.licM  tugvtlicr  by  diuoitcaJ  ■fficity. 
By  the  mode,  ntmtlier,  and  irroii|iinE:  of  t)ie  iilonis  coraposbi;  a  tnokcnlo,  tM 
obomic&l  propertiee,  both  of  tlic  iiioiocuiu  4iul  of  tbc  bnUy,  which  n  made  t.y 
of  an  infinito  niimbcr  of  niicli  mnlet^iitce^,  Ato  dctcnnincd.  [^cciicly  as  a 
ri1)retiii£  cord  emits  a  dciinltc  fuii'lamcntal  toiio  in  addition  to  it*  orcrtoncs, 
all  of  nuicb  are  dctcnnincd  by  tho  length,  tiiicknum.  tcniiiuii,  luid  material  of 
die  oord,  so  aiM>  tho  utoniH  within  c«cli  tsolociik-  nruuiiMLbloof  eoly  a  definite 
flCriea  of  vilirAtionei,  wfiosc  frcciuoncivti  nrc  preocribea  once  for  alt  by  tbr 
atniotaro  of  tlie  motcculen,  i.t.  by  Ihc  chemical  consdtudon  oftbabody.  Just 
as  we  Bay  a  cord,  or  n  tuning-fork.  \»  intcbcd  In  n  ccrutn  toDC,  bo  oan  we 
nitso  say  a  Budium  molccnlc  is  nttuncd  to  the  yellow  colour,  I),  It  tlinx 
becomes  coniprf^briiBiI>k-  thai  tlio  nature  of  n  suhBlonCK  will  rewal  itself  by 
deAnila  brisht  ilnni  in  the  Niioctnim  of  its  li^bt. 

When  a  tonit  is  Hiniinted  iiiUi  the  utwn  cow  of  a  plann,  the  same  tone  b 
lieanl  feebly  in  n^s|itiiist:.  The  Ciird  whicli  wu*  Hlfntir;  In  ihia  tone  bc^ns  to 
vibnte  aa  »ooa  aa  tbe  tone  b  sounded  elhewlierc.  Dnl  the  sound  waY«  wA  m. 
motion  bj  a  dnger  passes  by  all  other  cords  wiihuiit  oflbct.  This  sympalh«tic 
rlbnition,  awakcnL-d  by  tlio  similaily  pitclicd  tone,  is  termed  Vrtononoe  i308). 
The  ware,  howercr,  must  Eire  np  n  portion  of  tbn  oiier^  of  Its  motloii 
(kioetio  energy)  In  the  iict  of  netting  the  voni  into  vibration.  It  iMiaaes,  tbcre- 
lorr,  to  the  other  aide  of  tbe  curd  suniewhut  viifeelili-d.  Concetre  now  of  a 
iiarp,  coDtoining  only  corda  allvncd  to  the  same  pilch,  and  suppoM  a  souuit 
wave,  ainillnrly  pitched,  to  \><i  excited  near  JL  This  ware  mnat  be  cofuidenbly 
we^teocd  while  naniug  ihr<ni(;ti  the  harp,  bMause  iitt  «Dergy  ban  boon  in 
peat  part  abaortwl  by  Ibu  cords.  A  wave  producing  any  othor  tone, 
ntmever,  would  luaa  the  cord*  nninflnenoed  and  admnoe  beyonil  tlMin  vitlmnt 
material  lom  of  iutenaity.    A  Bunwn  flame,  hi  whicti  glowing  molcculo*  of 
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sudinm  Ruat,  is  nnulopxiK  lo  nuoli  &  liaq*.  It  must,  ttwrcfuro,  WMk«p,  miiI 
niaycwD  vxtiiigiuaU  Unit  ]iarlicuUr  lixkt,  B,  wliioli  it  iUcir  «(uito.  irKUt  for 
ull  iXiKTrAysitiitlratisrtarenl.  Tlio  process  of  absuifi^ouDflL'bt  Le.-tliercforc, 
<.x)inpreli«ijtilblu,  aiid  Kiruboff'!'  law  becomes  iDicUigibio  ;  utat  ewry  lody 
<iltarbt  prtcitelr/  tki'te  niy»  tuA/oJl  1/  M  aipable  (Remitting,  or  that  the  abaorp- 
tive  powvr  i/f  a  hvdu/or  any  particular  ftind  of  rayt  u  f/roportional  io  ila 
omlaivt  power  tar  On  tame  rays. 

In  Tirtuo  of  ibe  unduIuUirv  iiiotiiui,  wliicli  U  uxnilcil  witliui  eai:li  uioleculo 
hy  tliu  nlnurlwil  liKlil(Uiem<jieoiUi3Bllieiniielveaeiuilray&  wlitch,  when  vblble, 
are  |>erce!veJ  a«  .^uoregcmn  ;or  phiuqtJuiTOKenix),  and  tho  moleculca  rvapond 
with  the  particular  colour  jicciiliar  to  litem  by  rcftson  of  their  chemical  con- 
Htltittioa.  But,  since  wltbm  tlic  molcL-nlcs  of  solids  end  liqniils  tlio  vifantianH 
nre  not  free  and  indoprarju'iit  a<<irithc  cusc  within  tbu  frei^r  moloctiln  of  a  pis, 
tbi;  flitorcitocnt  li^'ht  L-TDitt<c;i]  by  thvtn,  vvrri  viitna  excited  by  liomogeueaai 
ni)-8.  is  not  itneir  lioraogeneuus  but  fumidieii  «  continuous  Hpectram,  whow 
l)n^-lit««t  ^rt  in  lew  reftwigible  than  iJie  dorltut  portioD  wUcq  comaponds  to 
^\l&  vibiHLioii  of  tlie  molecule  ^ivliiK  the  abnorptlan  wectram  (Lomiufd.  Id77). 

Wben  a  body  in  hented.  both  the  molecules  aud  lo«  Btoma  nitliin  tliem  are 
>>et  in  vibrsrUoD.  Since  the  vibmtiona  of  the  molcculcB  do  udL  depend  upon 
their  cbemical  conHtitiition.  lliuy  toko  place  in  the  name  way  far  aU  eolido  at 
ibe  mmi'  tL'ttipprutartf.  At  low  tJ:rii{icTntiirc«  liodieii  emit  culy  iiiriiibla 
iiltm-rwl  niyH.  Willi  iticruniiiii^  H^miieratiirc  Uie  intensity  of  tadUtiou  iiiDr«Me«, 
mid,  at  tliu  Himu  tim(>,  otltitr  ra)'i«  nfbigber  refran^i  bill  Ilea  ara  addud  to  thora 
nlraiuly  provonl.  Wberi  the  tHujieratare  hai  reached  a  ]iotnI  where  all  Ibe 
Tl<cible  raya  apEieai,  the  body  is  said  to  glow. 

367.  Difeaction  (InflectioD)  of  Ligrht  (Orimaldi.  ie65).— Look* 
iug,  nitli  tbti  o>'u3  partially  clo^d.  tuward  I  be  Hhitir  of  a  romot« 
(Mmdle,  a  genes  t»f  images  way  lie  seen  Rt  both  sides  of  the 
flame.  Similar  plienomena  may  be  seen  at  night  by  looking 
through  the  lueshea  of  the  cloth  of  an  umbrella  toward 
street  lamps,  or  by  observinp  the  bright  imago  of  the  sun  upon 
the  facie  of  a  sundial  Ihroogb  the  vane  of  a  B|iurrow*.H  fc-uthur. 
In  the  Utter  case  a  liimiiioiu  point  is  seen  at  the  iutenHictiuD 
of  au  oblique  cross,  %vhoBO  anus  are  composeil  of  a  wriefl  of 
images  tinted  with  the  huos  of  the  rainbow.  To  prndiKw  these 
phenonieaa  at  one  side  of  the  source,  a  [xtrtion  of  the  light 
mnat  have  been  deflected  laterally  from  its  rectilinear  path  to 
the  eye  during  i1^  passage  through  the  uarrnw  iiitcrsticeti 
between  the  eyelaslics,  or  between  the  threads  of  the  cloth, 
or  finally  between  the  tilamciit«  of  the  feather.  Technically 
it  must  have  been  ttifi\teled.  The  simplest,  aud  therefore  the 
most  satisfactory,  diflViictioii  pbeoomena  are  ubtaiue«l  bv  allow- 
ing the  raysof  the  sun,  deflentetl  by  means  of  n  min^r  through 
A  small  vertical  aperture  into  a  dark  room,  to  ]mu»  through  a 
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narrow  slit  end  be  caught  upon  a  screen  h-itnatcd  at  some 
diatancQ  behind  tLe  slit  Covering  the  o]iftniiig  with  a  piece  of 
red  glass,  so  tbat  homogoueoug  roil  li^ht  alone  may  he  ail- 
mitt«d,  one  uee^  upon  tho  sercoii,  at  )H)tb  sides  of  the  bright 
liiiuitiuiis  strcalc,  which  appoars  in  the  (lir<>ctiou  of  the  incident 
ray,  a  series  of  uhernately  dark  and  bright  slreak^  (Fig.  37J}X 

■  the  latter  of  which  rapidly  diminishes  m 
iutenttity  towftiil  the  aides.  The  ajtpoamHce 
of  perfectly  dark  streaks  at  places  which 
are  illuminated  jiiBt  as  strongly  aj<  the 
Imncoofneiii.  tnghl  tulervGHitig  spuL-es,  again  lurnrshes 
pTiM>f  that  light  ix  a  mode  of  vibratiuu. 
For  only  on  this  assumption  Is  it  corn-eivalde  that  light  ray«, 
acting  in  conjunction  with  liglit  rays  {inttnr/erinij)  t-aii  produce 
daikiiess.  The  nndnhitory  theory  gi%'es  a  thoroughly  satisfac- 
tory exiilanation  of  tbo  phenomenon.     .411  pointaof  Ihe  [tortion, 

CD,  of  tlitf  »aYB  (Fig.  374)  which, 
coming  from  the  a]>erture  in  the 
shntti-r.  filli*  the  slit,  are  in  the 
Kamu  [iliiLse  (if  vibration.  Each  of 
these  [luinta  bt,  on  Huyghona* 
principle,  to  be  regarded  as  tho 
soiireo  of  a  wave,  iswiiing  from  it 
behind  the  slit.  Kac-h  acts  as  the 
origin  of  rays,  which  radiate  from 
it  in  all  direct ioiLt.  The  lateral 
spreading  of  thu  light,  which  is 
roadily  porccive«l  upon  the  screen, 
is  also  explicHhle  on  the  nndnla- 
t«ry  theorj*.  The  rays,  auch  as  CG,  which  fomi  the  (-ontinua- 
tioD  of  the  inciilent  raya,  «C,  dXi,  are  in  the  same  phase.  Tbejr 
will,  then-fnrc,  province  upon  the  screen,  where  they  strike 
sinniltancitusly  with  their  crests,  or  with  their  troughs,  an 
intensely  bright  streak  at  the  centre  of  tho  cUftaction  image. 
Consider  now  tho  diflraeted  beam.  CK1>F.  whi«'h  advances 
toward  a  iwint  sitnatedat  one  side  of  thecentml  streak,  ^fnas- 
mnch  as  this  point  is  very  far  from  the  slit  in  compari.son  with 
it«  bTMdth,  the  raya  of  this  beam  may  W  rogardeil  an  practicall  y 
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Via.  374.— Kx|)tiuinti<iii  of 
DIlTnirtii^n. 


p&tallel.)  Tbe  rays  from  iha  iKirtion,  CD,  of  th«  wave  have  tij 
traverse  different  dietttiu'es  to  reat-h  the  pH>inl  on  the  screen,  eud 
canaot,  thorofure,  generally  impiuge  uiK>n  it  in  the  same  phatie. 
Drawiui»  the  line,  DH  fntm  B,  [leritemUcuIar  tr>  the  ray,  CR,  OH 
ia  the  disUuce  by  which  the  uutsido  ray.CE.  r^maiua  behind 
theray.UF.  If  this  difference  of  theirtlti^tance.UH,  is  an  entire 
wave-length,  the  central  ray  (6)  of  the  beim  is  rotardcd  by  half 
a  WBve-lenntti  with  rfspect  to  Ihe  wave.  LH*'.  It  produeoa,  then, 
A  trough  at  ihfi  point  u^hiu  the  screen  where  DF  produccit  a 
crests  and  conversely.  Stnce  the  diflereDc^  of  tbe  lengths  of 
their  jniths  are  cfjiial  to  halt'  a  wave-length,  these  two  waves 
are  in  exactly  opposite  phases,  and  destroy  each  other's  ett'ecl ; 
ami  generally,  to  every  ray  beloi)f;iug  to  the  half,  Vt>,  of  Ihe 
beam  there  is,  in  tbe  other  half,  GC',  a  eorrestioniling  rev,  whicli 
lags  with  reference  to  the  former  by  half  a  wave-length. 
Such,  for  example,  are  1  and  7,  2  and  S,  3  and  i),  ami  so  forth. 
The  rays  «jf  this  beam,  then,  de«troy  each  ntlirr  in  jmirs,  and  at 
the  place  on  the  screen  where  the  beam  falls  total  darkness  must 
prevail.  With  a  more  inrlined  Iteam  (directed  towanl  a  point 
of  the  screen  lyinj  farther  toward  the  side)  the  differenco  of 
distaneeatraverce^l  by  theoiitorniost  rays  amounts  totwo  whole 
wave- lengths.  The  beam  may  be  aj^ain  Mnp[ioiied  divided 
into  two  halves.  Ct»  mid  *JD.  the  diiita«c*?«  travelled  by  whuse 
luuT^inal  radiations  diller  by  an  entire  wave-length,  and  the 
two  halves  again  vanish  in.de|>endently.  t'ontinuiug  tbiu, 
it  is  seen  that  dark  streaks  appear  at  all  tho-w  p<iints  of  the 
screen  for  which  the  differeii(*e  of  the  distances  of  the  margiiial 
rays  equnJ-s  some  integral  ntimber  of  entire  wave-lengths.  At 
intervening  jHiiuti*.  hnwever.  where  the  diflerence  of  the  dbttaDees- 
tTBVidleil  bo^s  soiiiu  utlicr  vuliie,  the  rays  canniit  ho  completely 
extinguished.  Between  tbe  dark  streaks,  therefore,  bright  ret- 
tangles  tppear,  whose  intenaitics  diminbih  rapidly  outward.  If 
green  glass  bo  nsed  instead  of  re4i,  green  rectnnglcs  will  be  ob- 
tained in  place  of  the  red,  but  they  will  bo  narrower  and  more 
etottely  packeil  than  the  red,  and  with  a  blue  gla.ss  tbe  streaks 
crowd  still  more  closely  t^igether.  It  Uclear.  that  the  shorter  the 
wave-leugth,  the  smaller  the  incliuation  *if  the  ditl'rftcted  ra*Ji8- 
tioD  Deed  be  to  ^oduce  the  rlifTereuce  of  distance  ret]  aired  for 
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the  respective  liands.  TIio  dark  stripes  lying  nearer  the 
ceDtre  of  the  field  of  (lilTnivttim  show  again  thufc  to  the 
simple  colours  of  the  apectrom,  there  correspond  wftve-Iengths 
Uiminishing  in  continuous  suocea-iioii  from  red  to  violet.  The 
tiilignitiide  (X)  of  those  wave-lun^ths  may  be  easily  obtaiDod 
from  these  ]ihenometm  of  ilifTriirtinn.  For,  metmiirini*  micro- 
nietricnlly,  thw  breadth  cif  the  slit.  CD  =  b.  and  the  "  diSVaclioti 
angle,"  EGG  =CI>H  =  ^,  which  the  diPTrftcted  nuliationg 
directed  toward  the  (nth)  atripe  form  with  the  direct  r«y» 
(with  ft  goniometer},  CH  must  equal  n  wnve-lenglhs,  or 
ftX  =  &  sin  f. 

Admitting  white  light,('(iiii]nisBJ  uf  all  mloiirs,  (liruiigh  the 
n]ieuiug  of  the  shutter,  the  lateral  rcet4Uit'le>s  and  the  du-k 
Uuids  for  the  various  coluiirs  cannot  i-oincide,  and  u|»<>n  the 
screen  at  both  sides  of  the  white  centre  there  is  seen  a  series 
of  variegated  bands,  fie{iarate<l  from  each  other  by  fainter  baiidd 
uf  colour. 

If  the  slit  be  gradually  widenwi  the  same  differences  of 
distance  occur  with  cuntinually  diminishing  incUDaliona  of  the 
diftVactod  rays.  The  stripes  crowd  more  and  more  closely 
together  until  they  tinally  become  so  line  as  to  be  imperceptible. 
To  observe  satisfactorily  the  phenomena  of  diffraction,  therefore, 
narrow  apertures  must  always  be  used.  The  images  obserrod 
are  of  varions  shapes,  and  fretjuently  of  ornamonlal  pattemi, 
tlci>eiidiug  upon  the  f<jrm  of  the  ajiortiiro  used.  If  the  brilliant 
imay;ecif  thesun  u]h)ii  ajudishetl  meUil  kuob  is  ohstirvud  through 
a  rhomboidal  a]>ertiLie,  an  oblique  cross  composed  of  rhumboids 
is  seen,  whose  constituent  ports  are  coloured  with  all  the  hues 
of  the  rainbow.  If  the  ajterture  is  circular  a  brilliant  disk 
surrounded  by  several  coloured  ring»  is  seen.  Through  a 
triaagiilar  aperture  u  six-pointed  star  is  Keen,  in  whose  angles 
many  &nmllcr  Inminous  images  ap]*ear.  Howsoever  complicated 
iind  com[iusite  these  images  may  a[ipear,  they  can  nevertheless 
be  accurately  oompntud  4m  the  nnilulntory  theory  (Schwenl, 
18<)a),  and  serve  m  a  most  complete  viudiontion  of  this  theory. 
The  iM>-<Mlied  Ilahinet's  priuL'iplc  that  an  ojnu^ue  scrv«n  gives 
the  some  phenomena  vi  diffraction  as  ita  a[>erture  of  tlie  same 
fona  is  verlliable  with  charming  clearness. 
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308.  Gratings. — Tliu  uiost  lioantifiil  of  all  tlUfrat^ion  pheno- 
mena are  produced  by  gralint/s  (Framiliofor,  iii'2l).  Tbjs  term 
is  apfiliod  to  a  mimUer  of  nnrrow  parallel  slits  priKJuced  ottber 
by  stretchlug  fine  wires  in  a  light  frame  at  eqiml  distances 
ajjart  (ufire  ifrating),  or  by  ruling  upon  a  blackened  gU»«  plate 
»  uiiinber  of  lino  {inrBllel  lines  witti  »  prrBihiHlin;;  eiigiue. 
Very  excellent  gratint^  ero  also  pnidurrd  by  scratching  a 
lar^  number  uf  cxcvodingly  lino  lines  \(ith  a  diamond  jtoitit 
npoii    &    glass  plate    {glata  grating),  or   upon  a    reHevtin;; 


. 

i'           : 

i' 

" 

r    . 

I 

' 

1 

r 

1 

,*' 

i 

^ * 

Pio.  8TS.^Fn[iiuition  of  the  Diffraction  B]x-(!tniia 

metallic  siiTfaee  (Roland's.  r<e/w(in*?  gratin'j).  When  aimpl*' 
light,  red  light,  fi>r  instaaee,  falls  ujkju  snch  a  grating,  nf^er 
after  having  been  passed  tlirongh  a  rUi,  a  small  cundens- 
in{T  lensplatX'd  beliiud  the  grating 
iMlk'iits  tlie  rays  coming  directly 
fiuitt  the  slit  into  a  slender  image, 
OO  (Fig.  HT5),  ii|«in  Ik  screen 
placed  <;onjugale  (330)  to  the  slit. 
Siooe  B  lens  between  conjugate 
points  priMliices  no  differences  of 
dislttiice  traversed  by  rays  passing 
between  them,  all  rays  have  equal 
distances  to  traverse  before  roacli- 
ing  the  image,  OO.  and  strike  this 
linage  together  in  the  same  pluuw. 
The  diffracted  mdiations  for  each  direction  consist  of  as  many 
houiwgeaeous Ijeams  (Fig.  376)  tvi  there  aro apennros  in  the  grat- 
ing. Every  pwr  of  adja^^ent  ^M■ll^lH  has  a  ditfereiu-e  of  ilistant«, 
ah,  which  is  greater  the  greater  the  amount  of  their  deHection 
from  the  direct  rays  (the  diffraction  angle),  or  the  farther  the 
centre,  00.  is  from  the  positioQ  upon  the  screen,  whore  all  the 
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TBya  liavinp  lliis  iliroction  are  conoentraterl.  There  umsl  now 
be  &  oettUD  direction  for  whii;b  tike  rlillerence  of  distance 
Irarersed  by  two  Bdjaceiit  beams  is  equiii  \n  au  cnlire  ware- 
length  of  reJ  light.  In  this  tlircction  ull  Waiua  mutuollr 
reinforce  each  other,  and  at  tho  corrusi)omliDg  place  opou  the 
screen,  a  slenUor  rod  image  of  the  slit,  R,  upiwars.  A  little 
aaicle  from  this  directiun,  the  Iwama  all  dfwtniy  eai'li  uther  ott 
combiiuDg,  provided  Iho  grating  h  supplied  nith  a  sufliciently  ■ 
great  number  of  lines.  Fur,  with  a  grating  t»f  lOU  lines,  if  llie 
difTraction  an^lo  increases  only  nntil  the  lir^t  Warn  is  dolaye*! 
by  1  +  1  ^Q  of  a  uavu-lcngth  with  icspoct  to  the  secuud,  It  wjU  ■ 
lag  behind  the  third  by  2  +  rihr-  behind  the  fourth  by  3  +  ,  J,,  " 
etc.,  behind  the  flfiy-first  by  50  +  ,Vo.  "f  by  50  +  J  nare- 
lengths.  The  fifty-lirKt  beam  is  therefore  in  opposite  pbasM 
with  the  first,  similarly  tho  Hfly-Hccund  with  the  sectmd,  the 
fifty-tltird  with  thu  thirtl,  etc.,  finally  tho  hiindrcdtb  with  the 
fiftictli.  Eenoe  it  follows  that  the  diffracted  rays  destroy  each 
other  for  all  dlreiTtioiis,  sare  those  for  which  Ihe  ditferonco  of 
distance  of  ootdi  pair  cif  neighbouring  beams  otjuBls  an  integral 
number  of  wave-lengths.  The  diffractiuu  pattern,  or  imager 
upon  the  8cn^cjll  is,  tJierefnnr,  for  homogeueous  red  ligbt  of 
TOry  simple  form.  In  the  contre  appean  the  image,  O,  of  the 
slit ;  tlien  fuUuws  upon  either  side,  at  a  di^taiico  eorresponding 
to  tho  difference  of  distances  travelled  by  the  viavei  equal  to 
an  entire  wave-length  i>f  red  light,  a  slender  red  lino,  K,  then, 
at  dituble  the  dintaned  ((--orresponditig  to  the  distauro  of  two 
wave-lengths),  a  second  red  line,  K',  and  still  l«yund  these  at 
three  tiiues  the  distance  (It"),  aud  so  nn.  For  viulet  light  a 
aeries  of  violet  lines  wwild  be  similarly  obtained,  whit^h,  bow- 
ever,  in  iHmBe(|ueuce  of  tin*  shorter  wuve-leagth  of  tliid  cotoar> 
would  lie  nearer  the  image  of  the  slit,  00,  at  V,  V,  T",  etc. 
Wlieu  nhile  ligbt  is  used  ihe  central  slit  image  appears  white, 
because  all  coluors  here  lie  aii[jorpi)se<L  Tlic  variously 
coloured  lines  arising  from  the  din'ractiun  and  c^irrufipundiDg  to 
a  difference  of  distan-'e  of  one  wave-leuglh,  for  example,  lie 
beside  one  auulber  in  the  order  of  their  wave-lengths,  and  form 
at  either  side  of  the  central  image  a  band  of  colour,  which 
jveseuts  from  its  outer  toward  it^  inner  edge,  the  well-known 
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aucce«isit>u  uf  i'aiul>uw  culoiirs — red,  orange,  yelluw,  green,  blue, 
iniligo.  aitil  \iolQt — which  is  called  the  lUtfraciioa  apeelruni,  Vlt 
(1st  serieB).  similarly,  tbe  revs  of  higher  diffeienceB  uf  ilietance 
form  the  second  (VIV).  the  tliird  (V'U").  etc..  tUfractum 
tpectrurn,  or  seriet.  With  a  \msm  the  rtlativc  (listrihiitit^i)  of 
colours  will  bo  found  to  depend  upim  the  material  of  tbe  prism. 
With  a  grating,  on  tho  coiitmry,  the  simple  colours  are  arranged 
solely  Booonliiig  to  the  dirtVjrences  of  their  wave-lengths,  and 
hence  accwnling  to  a  (ThanuTleri-itic  feature  uf  the  rays  them- 
solveij.  The  spentnim  of  a  gratiujc  may  thrn  I«i  regarded  as 
the  normal,  vt  typical  sptdntm.  With  Hunli^Lt  the  diQ'rartion 
speetmm  alao  showa  tbe  Fraunhofer  lines,  each  in  a  pi-sitioa 
peculiar  to  it  hy  virtue  of  its  w&vo-lcngth.  By  means  of  a 
telescope  rotating  aboro  a  gradnatod  circle  (341),  tbe  angular 
distance  of  each  Frannhofer  line  from  the  central  image  of 
the  slit  (the  diffradion  atujle,  <{>)  may  be  measured,  and  from 
its  measured  value  in  connection  \vith  the  knon^i  distance  of  tbe 
rulings  (grating  eonetant,  c]  the  corresponding  w»ve-lenptb  (A) 
may  be  obtained.  For  the  7ith  spectrum  (n(/i  series)  ««  have 
n\  =  f  ein  ^.  The  following  table  contains  the  wave-lcDgths 
thus  found  for  the  Frnunhofer  lines,  expressetl  in  millimithK 
of  a  millimeter  : — 
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111  reflected  light,  also,  ;;ratinge  and  ctlur  jinely  ruled 
$nr/<tce»  exhihit  the  phenomena,  arising  from  the  interference 
of  diffrncted  rays.  MothBr-ol-pearl,  for  iustauce,  is  romposttl 
of  extraordinarily  thin  layers  of  calcium  deposited  by  the  animal 
itself.  These  layers  being  inclined  to  tbe  surface  give  rise  to 
a  number  of  extremely  line  lines.  That  the  delit-ate  [Aay  of 
ctjlours,  characteristic  of  mother-of-pearl,  is  due  to  tfai^  {loculiur 
fiurface  structure  is  shown  by  the  fact  that  when  mother-of- 
pearl  is  (!upied  U|io»  black  seuliug-nax,  the  same  colours  are 
exhibited  by  the  wax.    Hy  eiigraWug  fine  linea  upon  metallic 
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enrfaces  (Biirtoti's  iris  buttons)  a  play  of  coloara  reaeinliliii«: 
that  of  mother-ol-i>earl  can  be  produce)). 

859.  Court.— The  colour&i  wteath,  nr  ifarland.  of  light 
froqneiitly  obtten'eil  Bri>unil  tUo  disk  of  the  ana  and  moon 
wheu  the  sky  ia  covered  witli  a  flbny  veil  of  clouds  is  called 
a  court.  Lookiiif^  at  the  flame  of  a  candle  through  a  glass 
plate  8trewn  with  lycopodium  powder,  the  tlaiue  is  seen  siir- 
Totmded  by  a  bright  redtlieh  luminosity  which  ia  encircled 
by  aeveral  rings,  tinted  with  rwabow  colours,  and  having  their 
violet  edges  inward.  This  phouomGUun  is  duo  to  the  diilracting 
effeet  produced  by  the  grains  of  the  powder  upon  the  rays  of 
light  passing  their  surfaces.  Acconting  tt  liabinet's  principle, 
sach  i>f  these  grainii  aclH  as  a  circular  dark  srnx'n,  and  jtroduces 
the  same  phenomena  of  diffraction,  vix.,  Culourod  rings  (S57)t 
as  would  be  produced  by  a  cirtnilar  aperture  of  tho  pame 
diameter.  If  a  still  liner  powder  is  use-l,  tor  instance,  the  tine 
jMiwiIer  of  a  pafT-ball,  the  rings  apitear  larger,  their  diametem 
always  being  in  the  inverse  ratio  to  the  rlianieters  of  the  graiu-i 
iif  jionder.  The  condition  neces-sary  to  the  formation  of  the 
(»)Iour  rings  is  that  all  the  powder  grains  shall  be  of  etjuaJ 
size.  When  small  particles  of  unequal  size  are  mixed  together. 
tho  variously  coloured  rings  overlap  and  blend  into  a  whitish 
shimmer.  In  this  same  way  tho  courts  about  the  sun  and 
moon  are  produced  by  the  diftraction  of  light  due  tn  the 
IMrticIas  of  vapour  composing  the  (domls.  The  diameters  of 
the  particles  protlucing  tho  haze  may  be  dolerminod  from  the 
diameters  of  the  rings,  tho  first  of  which  Bp|)ear3  under  an 
anglo  of  V  to  4°.  It  is  fonnd  that  these  particles  are  on  the 
average  larger  in  the  winter  than  in  the  summer.  With 
appr'jBching  rain  the  little  iMirtirhw  swell  rapidly,  and  the  Innar 
(Tourt  contracts  liUnar  coiirl;ii  arc  more  fmijticntly  observed 
th&i)  solar,  becaUfic  the  light  vi  the  sun  Is  so  hliodiug  «a  tv 
render  the  feebly  iUuminated  rings  beside  it  invisible.  Solar 
courts  may,  however,  be  seen  at  ouce  by  observing  the  loss 
brilliant  image  of  the  nun  upon  the  surface  <if  water,  or  upon 
a  plate  of  glass. 

Standing  uimu  an  L<)olated  uiuuutain-tup.  aud  surrounded  by 
a  tine,  scarcely  perceptible  film  of  fog,  with  the  sua  at  the 
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nbserrer's  liftL-k,  and  the  naYing  film  of  cloud  at  bis  feet,  he 
may  seo  UU  kIimiIow  in  ^iunt  jiroiioitiuUH  tipim  tLo  Imckgruuiul 
of  the  cluu'i,  with  the  head  of  the  shadow  siirroiuided  by 
coloured  rings.  These  tiiins  are  produced  by  the  difTrootion 
of  tlie  iujlar  rayst  from  the  little  gluhuleH  of  mui^Uire  in  the 
air  floaliiig  Rhuut  the  head  nf  the  observer,  the  diflracled  rays 
being  stibsuqiicutly  ivllected  from  the  particles  of  vapom-  before 
him.  The  apparently  gigantic  proportions  of  the  shadowy 
image  arc  due  to  an  optical  delusion.  The  eotar  rays  l>«ing 
partii'uWly  piirallcl,  the  iihadow  (.>annut  be  greator  than  the 
shadun-ciiKting  body.  Denpite  the  faut  iu  the  present  tu^tauoe, 
that  the  shadow  Ilett  ugaiuat  the  cloud  in  its  natural  size,  the 
jndgment  unconsciously  locates  the  image  at  the  greater 
distance  at  which  the  film  acquires  more  definite  outUnea  for 
the  eye  and  presents  a  more  jmlpabl©  screen  for  the  reception 
of  the  shaduiv.  Since  the  visual  angle  now  remains  the  same, 
the  shadow  at  this  misjudged  distance,  appHreiitly  afwnme,s 
coriesjwndingty  large  proportions.  From  the  muuntiiin,  on 
the  top  of  which  these  iDiugea  neru  linit  seen,  they  hnre  been 
termed  liroclieri-spfotres. 

360.  Colonr  Kings  of  Thin  Plates— N«wtoa's  Rings. — If  a 
little  oil  of  turpentine  be  {Hinred  upon  water  it  spreads  oat  over 
the  surface  into  a  thin  itkin  with  brilliant 
iridescent  colouni  playing  over  it.  jSiiullar 
coloiira  arc  olwerveil  in  panes  of  olil  irindow- 
gliss  which  have  become  "blinded"  by  con- 
stant ex]X)surc  to  the  weather,  and  they  ate 
e8{iecially  clear  and  distinct  in  aoap-bubbles.  J'J 

Tli&y    arc  always  to   bo   seen  in  thin,  tnuiR-  '\.  ~ '     ' 

|)areiit  plates  of  every  kind,  und  are  therefore  ^ 

termed  "colours  of  thin  jilates."  If  a  beam  <,f  Thiii  Plsu*!" 
of  light  (AIJ,  Fig.  y77)  falls  upon  a  thin 
plate,  a  portion  of  it  is  reflected  at  the  surfece  toward  BU; 
but  a  larger  portion,  UV,  ^teuetratefl  tJie  plate,  and  is  teflect«d 
at  the  lower  surface  along  PKF.  Since  the  rays  reflected 
from  the  back  aurfitce  have  traversed  the  thickness  of  the 
plate  twice,  they  have  sufTeied  a  retardation  of  phase  with 
reajiect  to  the  rays  reflected  from  the  front  surface.      The 
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reiarJHtiun  is  greater  the  thicker  the  jilute,  and  the  tvu 
cinoru;ciit  beams  are  in  condition  to  interfcrL*.  if  tlie  thickiiewi 
of  the  plate  is  such  that  the  <liftereQCo  of  distancro  trurcrsed 
by  the  two  beama  equate  J  of  a  wave-length  of  groon  light> 
the  lonf^er  red  niy«  will  he  deluyed  Iiy  nlxmt  one,  while  the 
shorter  violet  waves  will  lie  retarded  by  sbnost  two  uave-lt>n)>th8. 
The  green  rays  mntually  destroy  each  other,  though  the  red  and 
violet  do  not,  and  the  {date  cxhibitti  the  [uirjditih  ciilottr  jiev-nliar 
to  the  mixture  of  red  and  violet  light.  Various  i.^dotirs  arc 
sifted  out  of  the  reflecteil  light  depenrlent  upon  the  thick- 
ness of  the  [>late,  and  the  niroit  variegated  mixture  of  oolonrs 
is  thereby  prodiwed.  If,  however,  the  [dalo  is  not  everywhere 
equally  thick,  it  will  appear  to  be  stri|>ed  with  many  coKiura, 
all  plants  of  equal  thickness  showing  the  same  colour,  ginng 
rife  to  what  are  known  as  iaoehr<matie  curves.    The  uppermost 

and  thinnest  {Nirlion  of  a  iioap-bnbble, 
for  exajuple,  in  encircled  by  a  seriesi  of 
vii-iilly  culoure<l  rings.  Such  €t>Ionr 
rings  (Fig,  y7H)  may  l»e  permanently 
pHHluced,  as  was  iloiio  by  Newton 
(Ii>7o),  by  pkcing  a  plano-convex  lens 
upon  a  plane  gla.H.i  pUte  and  piessing 
the  surfat^eii  together.  Between  the 
two  surfaceti  of  glaKs  a  thin  layer  of  air 
is  thus  proiliircil  whicli  increases  in 
thicknc»H  grailiiaily  outward  fn>ni  the 
point  of  contact,  and  alx'Ut  this  jNiiut  coloured  rings  form  in 
regulai'  order. 

Thicker  plates  do  not  show  cfdnur.i,  Itet'ause,  with  greater 
diiforencea  of  ilistance,  many  of  th»  simpler  radiations  are 
extinguished  by  interference,  and,  while  many  intervening 
ludiutions  contain  all  roloura  of  the  »[>octruiu  and  uru  inteu- 
tified,  their  mixture  apjteon  us  white  light.  If  the  white  light, 
reflected  from  a  plate  of  mi<'A,  or  i\i  glass,  bo  dispersed  by  a. 
prism,  numerous  dark  Imndti  ap{>enr  in  the  H[iec(nim,  in 
po»tionj  corre^p^mding  to  those  radiations  which  have  been 
quenciied  by  iuterloreucc. 

861.  ItMUituy  Light  WiiVM.— Whcnapanillel  l)e&nioftigbtra]ni(or« plana 
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licfat  waT«)  impiaeos  perpondicularl;  npon  m.  piano  nurrar.  by  tbo  mtfrrfbroitca 
i>i  tho  iiioifiptit  witn  ihe  redocMd  viave,  a  erntioiMry  wave  ta  produced,  of  mch 
elifif»et*r  that.  At  ft  pi'w^  itistADCo  from  ti»»  mirror  (t,*.  ererywherp  in  &  plan* 
punillcl  U>  il),  th«  wiinc  phftw  of  ribnition  cKtBtn.  Tho  noi^GaAnd  Antimxlcs  form 
tw)  )(yiit<iin«  of  ]JnncN  {)nraI1cl  (o  th«  niirror,  whfiM>  diHtancr^,  t'ni-  plnncn  of  tli« 
Mm«  ftystnm,  tijnal  balf  ii  wnve-leni;th,«nd  nr«  biiMlt^d  hy  thf  [iIiiiH'h  nttlm  otbcr 
nyntcni.  Siijiion;,  tiuw.  tliMt  ihiN  [>initcni  of  xtnliouury  vrnvvH  i*  cut  b_v  m  plniti: 
indiiied  lo  the  mim>r.  Tln-'twrtayBl^ircmf  pIftrn!8mii"HlioiiiiiU-n«-'i.'l  tliw  I'lnni; 
iutwo»}-at&m»of  p&rd]i>l,c-iuiHji9(ftutBUukUtliiK>s'^li'c'>c<>nYu[MNJul[vniuMy 
lo  antiuoJcs  amJ  nodeo  of  TilTiilion.  If  Iho  ciitliog'plan«  i«  i>ci-|>enJic>iJiir  to 
the  mirror,  tbo  <listat)c<.-«  of  lliceo  ttnuriit  linea  vill  DC  onl^  luuf  a  witvc-lcn|i;tb, 
sod,  hon«,  w  Btnall  tlmt  tlic  ai)u<lc4  eye  cannot  p«r««iTo  iliom  Kixtrntoly . 
ThotliHtnnccHDf  tlic  luive,  however,  bccomv  t^uiiUr.  tliQ  nniallui  llio  incliiuttion 
of  tlic  cuttiti);  |iUiitt  to  tli<;  miirur,  nai  tliiv  iiicIiiMtiuii  iiiAy  bo  »o  ctiwuu 
tlint  tliv  liiiiM  am  ei-imntvil  by  from  J  to  2  miu.  1'o  rfinler  ititvi-  liii<-i> 
viiulilu,  Wi(Mii-r  CIH**"^)  ui**^l  >  pl^'^  ^^  glaao,  u[)on  wliidi  k  tliiii.  tziua- 
par^ril,  HCiibiLixi^l  tUm  nf  callmlitiin  w&h  nprcad,  n-nd  placed  it  with  llic  fUni 
lon'Ard  the  mirror,  at  such  an  inclinMioD  toot,  boiwoeD  Uic  film  and  the  mirror. 
only  a  thin,  wedee-shnpcd  coliinm  of  air  roiuaintfl,  within  vrhicb  tiie  ntatiunarj- 
vtkvo  yras  formon.  Tlit  slrorigc<l  pliotognphfc  rlTtct  ocnim-d  aloii]^:  ihr  litic 
of  onltnodcs.  and  ihc  vti-Jkhct  nlnii^  Ihnt  u!  thu  notlM, »» tliut  ikfU-r  <U;volo|iuig 
the  itliiW  ihi-Tv  r>ppt'nri'<l  ii|iiin  tin:  f^hii  n  K}-Htcin  of  alLomalc  dark  ftiid  fanclit 
luiidn,  tbv  fnrtnur  corTL-npomtiuK  tii  tin:  iiihIoh,  and  the  latter  to  tJie  aulJiUMiea. 
362.  Oalonr  p]iot«fraphj.— Witb  the  holp  of  dadoimry  lij^t-WftVew. 
Li^ipiaauii ;  1^1)  succeeded  in  pliolo^^phin^  the  spectrant  and  odwr  oolonretl 
objeclh  1*11  (heir  fttUurtli  colour*.  As  a  senHitivu  plate,  ho  itHid  a  thia  film  of 
albmui-ii,  iiiread  upon  a  rIam  pUle.  within  wlii'cli  nlnr  ioilide  and  brooudc- 
wet*  itiixeil  uiiiforiiily,  and  in  an  esiremely  finely  divided  iilaie.  This  plate 
fomiL"!.  wilii  itfrlilin  intrari.  Iliofront  wnllof  aglamlronghlillcil  with  mcrcim'. 
The  photogtajih  of  tho  'pcetnim  tnkon  utHiii  it,  v,-)i<<n  ik<r<'I»|>('d  iknr)  fixod  in 
the  umia)  way,  Khowuil  tiororo  the  lUrlc  W'kt^ixiiid,  wheu  wra  lu  nitl^cte*! 
light,  Itie  Rpcctra!  col'iunt,  nicb  in  iu  charaotorluic  jplaea,  and  when  seen  In 
tmumitted  light,  tho  eoiuplemanlaryflnectral  colavn.  Divine  the  pbobograpfaing 
prooBtt  Btatioiurj'  wavi^«  were  fonnea  within  the  Ketim'titeiT  film  by  Uu)  com- 
Dined  vlTout  of  toe  incident  rayn  and  of  thoM  rollecled  nl  th«  «iiiiiice  of  thu 
niercnry,  having  tho  plntirs  of  iheir  notloi  and  antinoilv*  poialM  to  tbu 
Kirfnuv  uf  iha  hku.  <  >nlv  ihuw  of  gruoUiM  iiittatily  r«uit  npoa  llto  <Dv«r 
mit.  Mid  I'wn  they,  aflvr  "^miiiir  fixed,  kaw  tian«|ifinnt  layon  of  direr  laore 
or  li-H<  itriidj^ly  Ti^llojriitiii.  Tiiu  lUin  is  tboa  divided  into  a  ■erica  of  reiy  Ihin 
platei,  whcit.1!  tliiokQeiui  lt>r  eoeli  ootour  e^uali  the  distance  of  two  ai>tinode«, 
or  aqiiolH  half  a  nave-length  of  itia  r«DCeUv» colour.  If.  now,  nhilu  light  fallH 
upon  tticlj  a  |>htp,  the  light  reflected  at  the  front  aurfacc  will  iiitcrforo  with 
that  rcHccted  from  the  back  enrfacc,  by  reason  of  tho  difbranev  of  diManceM 
trnvoFKil,  which  diRun-noo  eqiuJs  daiiblo  tlio  IliicknMi  of  tho  plato.  But  dm 
■Ustanoo  in  Miiial  to  *n  entire  wavtt-lcngth,  for  only  one  of  tho  eoloiirt  contained 
hi  white  tight,  i-ix.  for  tliat  which  during  tho  photo^phiue  procseaa  meted 
npon  thin  ^rt  of  th«  pUte.  \V*hUe  the  interfeTcnco  of  th»  two  b<amB  of 
ii^t  iDt«nnli«  thi«  colour,  it  weakens  all  the  oikere.  At  thia  part  of  the 
imace,  therefore,  the  pUli.'  Imih  e-tactly  tliv  nececoary  thicknGM  to  reproiiaco 
br  int«rf*r«ae«  in  rolJeoled  light  IIm  c<(i[i>itr  phatnfcranhod  at  this  {uutieiilar 
|ilaee.  The  colours  shown  by  the  iina^  ar«  iwurly  (he  coloun  of  thin 
jjatea.  llMty  oppcar,  however,  ranch  cleucr  and  moro  (liorotuhly  saturated 
than  th»  Utter.    Tbo  t«O0Oa  lor  Uiia  b,  that  b  ibo  Mnfitiwd  pUto,  by  reason 
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or  tlic  laisvmt  malfaMw  of  the  light  wwn,  a  Terr  bugs  nnrabar  of 
rhin  plaUe  lio  wpopoied  (about  SOO.  if  the  pUte  la  X  bud.  Illicit).  Tbe 
raore  reflecting Mirfiumii  u«  praHDt,thopiirerthapeA«ct«a colour  will  be;  ftir 
tiip  iiuriacca,  RucooMling  oftch  ether  At  eqim!  distances,  form  a  gratini;.  wtudi 
iDtmsififia  the  b«ain  of  the  ooTreaponding  colour,  triiow  diHiirctico  of  (lutMnoi 
cqtult  on  int«gnl  nuroberof  wATC-l«agtLB,vliilc  it  dwtro}^  Uic  nijH  prodndog 
oUisr  colours.  ~ 

863.  Polaxiiation  of  Liyht. — Toiirmaliiiie  plates,  cnnside 
IVom  iKiw  iiD,  are  cut  from  tourmaliuo,  a  lia If- precious 
wliieh  crystalliiws  in  tho  furni  of  a  hexagonal  pmin.  The 
plates  are  formefl  by  cutting  the  crystals  parallel  Xn  their 
axes.  I^ight  pEissed  through  such  a  plate,  shows  to  the  un- 
aided eye  nii  other  niurlificstion  than  tho  hrown  or  olive-greeu 
colouration  peciiliiir  lo  the  i-rystal  anil  produced  by  atKforplinD. 
If  a  »ei:uuJ  toiirninliiic  plutu  Lte  plscal  ii{K]n  tho  first,  in  .siicli 

position  that  thea^tea  of  crystallization 
of  the  plates  are  parallel,*!.^,  both  verti- 
cally, as  in  -t'lg.  o7!i  A,  the  light, 
passing  fruni  the  Bmt  plate,  coDtiiiiie!; 
through  the  secund.  and,  by  reason  oi 
I  he  greater  tbickuess  traversed.  salTers 
a  somewhat  deeper  coluuralion.  But  if 
tho  plates  be  turned  in  their  plane,  tbe 
light  traufiiuittod  thn>iigh  them  gradually  diminishes  in  bright- 
ness, and  wholly  diBapiwars  when  the  axea  of  the  i-ryslaLt  are 
I»>r[M>iuIienlflr  to  eai-h  other  (Fig.  ^79,  B).  Turning  the  plate 
htill  farther,  the  light  grudiwUy  rea])pears,  and  attains  itii 
original  intensity  when  the  axes  arc  again  parallel.  A  my  of 
light  emitted  directly  from  Q  luminous  lioiiriio  in  ttaasmittod 
with  nnifoim  intensity  in  all  positions  of  the  second  plate. 
The  light  transmitted  through  the  lirat  plate  differs,  then,  reiy 
ntatertallv  from  natural  light ;  for  it  passes  with  nndiminished 
intensity  through  the  second  ]>tate  onlywhen 
,A.        ?  ^     the  aaa  of  loth  plates  are  parallel.     It   in 

■^j^       I       *-t*  wholly  cut  off  by  Iho  sGcond  plate  when  th&«e 
„    3aft_r™,        "^'^^  ***    mutually  porpcndicnlar.     "While. 
ti<4ie  <ff  Light  Bbfs.   therefore,    mitoral    light    show^    the    same 
properties,  no    matter  which   of  the  poei- 
tiou8  indicated  in  Fig.  380,  A  (iu  this  figure  tlie  ray  of  Ugbt 
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i«  supposed  lo  impinge  i>erpendicularly  to  the  plftne  of  Ihe 
drawbig),tho  tourmaline  |ilateti  are  supposed  to  occnpy.  and 
puasessea,  conset] neatly,  the  sumo  vonatitiition  in  all  diroetioM 
jierpendiciilar  to  the  plane  of  pro]>iij^tion ;  with  the  ray  traiw- 
mitted  hy  the  first  plate,  there  is  ono  aniouf;  all  these  positioiuj, 
rlz.  that  parallel  to  ihe  axis  of  the  first  plate,  wliioh  is  diu- 
tiDffuished  In.m  all  the  rest  (Fig.  ;W0,  It;,  in  that  the  light 
passes  ttnuigb  the  eecond  plate,  or  not,  acconling  aa  this 
tlireL'tion  is  parallel  or  porpondiuular  tu  tlie  axis  of  tliis  plate. 
A  ray  of  this  sort  which  exhibits  difl'erent  pr<)|)erties  in  diffewut 
airections  from  its  centre  of  cross-section,  ia  characterized  by 
the  rather  iinfortuuat*  term,  "poiariied." 

It  is  easy  to  account  for  the  po&slMlity  uf  snch  b^ 
ha«our  of  light  on  the  liasis  of  the  uodulatory  theory.  In 
a  wave  the  vibration  of  the  individual  particles  of  matter 
conc-ernod  in  the  motion,  may  take  place  either  iu  the  directioa 
uf  propa^atitju,  i>.  in  the  direction  of  the  tay  (longitudinal 
vibration),  or  j)erpendicularly  to  thiy  direction  (transverse 
vihrationa),  The  former  mode  of  profrngatioii  k  exemplified  hy 
aoiind  waves  in  the  air.  since  thBy  are  propagatetl  wholly  by 
longitiidjiial  vibration.  Truiisverso  vibrations,  on  the  contrary. 
are  observed  in  a  long  i:ord  stretched  between  the  points,  A  antl 

ppi.  SSl.-I'oluUwl  B«7  of  LigbL 

B  (Fig.  !)S1>,  when  the  conl  Ih  given  an  impnlse  in  a  vertical 
fUrectton.  Whvcm  arc  iheu  »eeu  to  jmss  along  ihe  coril  in  suofa 
way  that  every  i«pint  vt  the  rtird  vibrates  HpwarJ  and  dowimarJ 
perpendicularly  to  the  direction  of  propagation. 

Jjooking  along  the  cord  from  B  toward  A,  an  observer 
wradil  dee  the  vibrations  in  a  vertieai  direction,  an  in  Fig.  '.iiHi,  B, 
and  he  wonlil  tind  the  upper  and  lower  sides  towanl  which  the 
vibrations  are  alternately  directtul,  very  e»>entiallY  difieient 
ttijjD  the  right  and  left  tiidos,  toward  which  no  vibratiomn 
occur.  Ho  may  alno  readily  dec  that,  if  the  cord  were 
passed  throngh  a  slit,  the  vertical  %ibTatian9  wonid  paaa 
nnhindcrcd,  when  the  slit  stands  x'ertically,  but  that  when  it 


toe 


EXPES/StEXTAL   PJITSWS. 


ig  placed  horizontally,  the  vibrations  cannot  pass  tbmagh  it. 
Since  the  wave  ray,  AH,  hns  (liOureut  projicrties  in  dilTeront 
direcrtifins,  precisely  as  is  the  rase  with  a  lijcht  ray  after  hairinp 
pussuti  through  a  toiinnaline  plate,  ihe  wave  in  the  cord  may 
with  equal  propriety  be  callefl  "  iwilarized."  The  behaviour  irf 
a  polarized  ray  (AB,  Fig-.  381)  is  thus  cosily  explained  on 
ihc  osaiimptibii  that  it  is  projiagated  uhnlly  by  trausreTW 
vibrations,  all  of  which  take  place  in,  or  parallel  In,  the  rame 
plane  through  the  ray.  This  plane,  in  Fig.  J!81,  the  ploiie  of 
tlio  drawing,  is  calle<l  its  plum  of  vihration, 

Thfl  experiment  with  the  tourmalinn  plates  ia  OAAtly 
explained,  by  assuming  that  the  vibr&tious  of  the  polarize«I 
rays,  coming  from  the  iirst  plate,  arc  parallel,  or  per^x-ndiculat 
to  the  axis  of  tho  erystal.  This  exjieriiuent  does  not  eiuble 
ns  to  deride  which  of  the  two  directions  i.s  the  direction  of 
vibration.  The  following  simple  esjieriment,  however,  {MTDiits 
Its  to  decide  at  least  vtitb  some  probability  upon  the  direction 
of  \-ibrBtion.  if  a  tourmaline  plate,  abed  (Fig.  38'2>,  U  rolatwi 
about  an  ax'\i)^/g,  parallel  u>  (he  axis  of  the  crystals  into  the 
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FiOfi.  S82,  S83.— Kiperitnf  nt  l«  obtnin  lb«  din<cti<v  of  VlbntkNi. 

poaitiou,  a'bVd^,  while  a  white  spot  w  observed  thniugh  it  in 
tbe  direction,  on,  the  brii^hWiess  of  the  tield  of  view  remain* 
pructieally  unaltered.  But  if  the  plate  l>e  w  inoliiied  to  the 
direction  of  the  ray,  tio  (Fig.  383),  that  the  line,A(,  porjiondicular 
to  the  axis  of  the  cr^'Ktal,  bcuomua  the  a.\iM  of  rotation,  the 
Held  of  view  bocomca  Tcty  cua»idorably  darker.  Tho  fact 
U  DOW  obvious  that  a  change  of  brightness  con  only  occur 
when  tho  anglo  formed  by  the  direction  of  vibration  with  the 
axis  of  the  cPi'.ttal  is  altered.  Frnm  the  fact  that  the  lint 
motle  of  nttation  (Fig.  382)  |m>duced  no  alteration  iu  brightneaw. 
it  may  then  be  inferred  that  in  tbLi  cuAe  the  dir(K:tion  of  the 
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axid  of  the  cmtal  with  respect  tu  the  directiou  of  vibration 
reniaiued  thf>  saiiie,  whether  tJie  pinte  were  in  the  position 
nifti  (ir  aVe'd".  Thi.H  (lirertioii  miwt  uL-wmliiigly  lia  that  of 
the  axis  cil'  tho  crystal,  /f^,  whirh  in  this  cuso  is  also  thiit 
of  tho  axis  of  rotation.  Them  u,  Ihen,  gmid 
reftson  to  a.tsiimo  (with  Fra-inel)  tlmt  tho  pkmi 
of  vihratirtii  ut*  the  polarized  r»y  coming;  trom 
the  toiitmialiDo  plote  is  parallel  to  tho  nxis  of 
the  cryrtfU,  as  h  illustrate*!  hy  Fig.  .*iS4. 

The  axperirapnt  with  tite  c'r<«sii«il  toiinna- 
lino  pliit(;H  (F'ig.  lilH,  B)  pntvos  that,  in  a 
polariiioil  ray  of  liglit,  tTsiiaverse  vihnitioDs 
Rlone  exist.  If  longitudiual  vibrations  were 
present,  since  tho  constitution  of  a  ray  i£  the  y^^  j^  — phiitioa 
same  in  alt  direPtions  so  far  as  longitmlinRl  «if  tti<>  n»n«  of 
vihration  is  concerned,  tliey  woiilil  nooosssrily  Xuunual^ne. 
pass  through  both  the  finut  and  tho  secvHiri 
toiiniialiiie  plnti^  no  matlor  wliat  position  were  given  to  tho 
latter.  Complete  darknees,  such  as  was  observed  in  the  crossed 
position  of  the  plates,  could  then  never  ocenr.  But  if  a  polar- 
ized rity  ooiitfiiu!;  no  longitudinal  vibrations,  it  is  highly  pro- 
bable tbut  an  unpolarized  my  (emittod  direotly  from  a  Inminons 
source)  consists  uf  transverse  vibrations  only,  and  this  assnmp 
tion  seems  all  the  more  justified  by  tho  fart  that,  alt  known 
tominoufl  pheiiouteua  may  bo  satisfactorily  «.xplaino<l  by  trans- 
verso  vibrations  alone.  Sine©  an  nnpolarixod,  ot  natuTal,  my 
sboivs  tho  same  constitution  in  all  directions,  it  is  necessary  to 
supposethat  the  vibrations  occur  in  all  directions  simnltaneonsly 
in  its  different  parts  and  in  rapid  succe&sion  at  any  given  place. 
This  is  indicated  in  Fig.  >J80,  A,  which  represents,  in  a  soDM, 
th«  ctxws-section  of  an  unpolarize<l  ray  emerj;ing  perpendicularly 
trom  tho  iiajre  toward  the  oyo  of  the  reotlcr,  whilo  Fig.  380,  B, 
Ulustratos  in  a  similar  way  the  cross-section  of  a  polarized  lay. 
The  oorrectness  of  this  view  is  cnn6nned  by  the  foHowing 
experiment.  When  a  tourmaline  plate  is  rotatcsfl  rapidly  in 
its  piano  (abont  the  direction  of  the  ray,  no.  Fig.  !t82,  as  axis), 
tho  light  coming  from  the  pUto  b«bavo«  precisely  as  natural 
light,  sinw  its  vibrations  tako  plaro  in  very  short  intervals 
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of  time  in  b]1  possible  directions  perpendicular  to  the  ray. 
Selecting  now  in  the  vross-section  of  a  natural  my  any  twu 
dircctinns  j>erjientliriilar  Uy  each  utbor  (Fig.  283.  Cj,  each 
Tibmtiou  mtiy  Le  rcuolvfJ  uccording  to  the  rules  of  mecbaaiw 
into  two  components  in  these  directions.  By  compounding  all 
the  components  in  the  snTiie  direction,  the  iindulatory  motitm 
in  a  natural  ray  of  light  may  thus  !«  redneed  to  two  ei|ual 
vibrations  periiendieular  to  each  other,  or.  in  other  worda, 
a  natnral  ray  may  he  regarded  aa  composed  of  two  {H>laruEod 
raya  of  equal  iiLLunsity  iiud  vibruLiug  perpendicular  to  eftch 
other.  Tbia  ^'jew  is  justUiable  experimentally  also,  for  two 
equally  bright  rays  |n>lariz6<l  perpeudiiMUorly  t^i  each  other  give, 
when  compouuded,  a  ray  iif  li^^lil,  which  exhibits  the  Kama 
behariour  as  a  uatural  ray.  When  light  is  reflectetl  from  a  plaue 
glnaa  plate.  «ir  Irum  any  ntlioc  smooth  surface,  and  is  studied 
through  a  tourmaline  plate,  on  turning  the  plate  in  its  plane 
about  the  reflected  ray  as  an  axis,  it  appears  brighter  in  some 
posilious  and  darker  in  others,  though  it  iitver  vanishes  com- 
pletely in  any  position  nf  the  plate.  It  appears  brightest  when 
the  axis  uf  the  tourmaline  Is  peqieiulicular  lu  the  plane  of 
roBeclion,  or  tt>  the  jplano  of  incidouc^i,  and  is  darkoet  when 
tho  axis  coincides  with  this  (tlauL*.  The  light  reflected  from 
a  glass  plate  is  accordingly  not  natural,  uor  is  it  completely 
[lolarized.    Jlut  it  acts  as  though  it  were  a  mi-tture  of  natural 

and  polarized  light  whoie 
i-ibralious     are     perpen- 
«4m7a>^  ^    dicular  to    the   plane  of 

reflcutiuu.  It  is,  therefore, 
termed  jiartialiypeUtrittd. 
Tho  ratio  of  the  polarixed 
to  the  uupolarizec!    por- 

of  incidence.  W  liun  Uiu 
bettm  strikes  the  surface  perpendicularly  its  reflection  contains 
no  ixfhtrized  light  at  all.  But  when  the  angle  of  incidence  U 
57%  or  when  the  incident  my  (ab,  Tig.  oUb)  (itTuxs  an  angle, 
ufift,  of  33'  with  the  glass  plate,  the  nuiiolarixed  portion  is 
wanting.    At  this  angle,  which  h  called  the  angle  <^ potarization. 
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or  tlio  polarising  angle,  tho  reflected  ligbt  <'«)  is  eomiiieiely 
polarized,  there  being  Dow  no  vilimtiuns  wliatuvcr  p«r])eii(liciitRr 
to  the  polarizing  plane,  03  the  plftne  '.'f  refloctUm  is  colleii  tu 
this  cafl«.  Tho  position  of  tho  piano  of  vibration  (dfim)  is 
representeii  by  Fig.  3^r>.  Instead  of  using 
s  toiinnnline  plnte  t*)  invealignte  tho  light 
reflected  from  the  gla-ts  plate,  it  may  bu 
caught  upon  a  second  glus-i  plutv  iucliiied 
at  tho  same  angle  (Fig.  ZSii).  ^\'hon  tho 
pifttos  are  panillel  to  each  other,  as  in 
the  figure,  their  plaiien  of  reflection  coin- 
cide, and  the  ray,  ha,  polarized  at  llie  lirst 
plate,  and  having  its  vibrations  perpen- 
dicnlar  to  tho  common  plaiio  of  refleiMion. 
is  reflected  at  lh<i  iKiooiid  plate  t<>ivar<l  de. 
If,  Kowovor,  tho  eooond  plate  is  rotated 
ont  of  this  pttsition,  while  it  prosoiTOS  eon- 
tinnally  tho  angle  3^^  with  the  ray,  ha, 
the  light  reflected  by  it  becomes  neaker,  aixl  iiiuilly  vuuttiheH 
completely,  when  the  two  plates  are  perpendicidar  to  cacdi 
other;  hucauso  with  this  jKurition  the  vibratiutut  of  the  my,  be. 
a«  executed  in  the  piano  of  reflection  of  the  woond  plane.  Tint 
at  this  angle  of  incidence  the  plate  can  reflect  only  those 
vibrations  which  are  perjendlcidar  to  \Vi  plane  uf  reflection. 
In  this  experiment  tho  platca  are  usually  blackened  n{M>n 
their  Inwk  surfncc-t,  ur  they  are  made  of  black  glass  to  exclude 
ihu  impolarized  foreign  light  passing  through  them. 

Light  transmitted  at  an  oblique  angle  by  a  glasH  jtlate  is 
also  [Mirlially  ])ularized,  a^  sh^iu-n  by  tenia  ivith  a  tutiruialiiu- 
plat*?.  Thf  vibrations  of  the  polarixed  portion  are  in  the  plane 
of  lacidence,  or  the  tran^imittcd  light  ia  polarized  perpen- 
dicularly t<i  tho  reflected.  Arago  pDved  that  with  each 
value  of  tho  angle  of  incidence  the  quantities  of  light  p^darized 
perjtendiciilarly  in  the  reflected  ami  refracted  laya  are  equal- 
A  refracted  ray  U  never  C4)iupletely  polarized,  no  matter 
what  the  angle  of  iucid£>nce  uiay  be.  Nevertheless,  an  almijut 
complete  polarieation  of  the  transmitted  rays  may  be  attained, 
if,  instead  of  a  single  glass  plate,  a  laminated  plate  consisting 
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Iff  a.  great  number  of  glass  plates,  or  of  a  giaes  pile  is  luad. 

If  a  natural  ray  falls  upon  such  a  scries  of  jilmes  ut  tbc 
[lolorizing  angle,  tte  ray  being  tesoivol  into  equally  bright 
niys,  cue  uf  vrhicb  ^ibmtes  in  tbe  |)laiie  of  incidcooe,  and 
the  other  iierpeucliciilarly  tben^to,  tlie  formor  pasties  through 
the  plates  without  iliminiitiuii,  bm-jiuse  its  doviutiuu  reailers  it 
itiuupable  uf  dufleetion.  Tlie  latter,  cm  the  coQtxory,  undergtieit 
partial  refleL'tidn  at  each  surface,  and  is  thereby  rendered  too 
feeble  to  be  perceivetl.  The  »lass  ]>ile,  therefore,  trausmibt  at  the 
jMilariziDg  ani:;Ie  c^nly  those  raya  whose  vilratioii:^  are  purallol 
to  thti  pluue  of  iiicideUL'e.  Tbe  polarising  uni^le  diflers  with 
diU'on^nt  Kubstaiice^.  It  dilVors  altio  with  the  index  uf  rafraction, 
BH  was  Hhonii  by  IVIaliia,  the  diaeoverer  of  {lolarizatiou  by  reflec- 
tion <3810).  and  for  «-ater  it  is  53',  for  carbon  disulpbido  59% 
for  Hint  ylaaa  CO  .  etc.  The  pi-eL-wu  rela- 
tion betneen  the  polarizing  angle  and  the 
index  of  rafractiou  waa  tliscovered  by 
Hr(?\vster  in  1815.  Ue  shuwtd  ihat  the 
polttrisdug  angle  is  tbe  angle  of  iuoidenca 
for  which  tbe  rell(M:t<nl  ray  (Ic,  Fig.  3ii7) 
fomis  a  right  angle  with  the  refracted 
ray  (bd).  Siiioe  the  anglo  of  refraction, 
90°  — }),  corresponds  to  the  polarizing 
angle,  p,  there  results  from  the  law  of  n:-fr(iction — 

sin  If  siu  p 

—. — ,^/ :  =    — i  =  n,  or  tan  j>  =  n, 

as  the  symbolic  rxpressiou  of  IJrcwater's  law.  Wliite  light 
oan,  then,  never  be  completely  polarized  by 
reflection,  because  for  each  homogeneotts 
colour  the  index  of  refraction,  ti,  and  there- 
fore also  the  polarizing  angle,  has  a  8|>ocial 
value. 

364.  Double  Bc&action. — All  crvHtaltized 
bodies  not  belonging  to  a  regular  system 
po8S«fl8  tiic  property  of  dividing  n  ray  of  light, 
oh,  trauiiniitteil  thnmgh  ilicm  into  two  com- 
ponerils  (tc  and  W,  Fig.  388).  The  tendency  of  crrystals  to  cleav- 
age in  detinite  directions  reveals  a  regularttyof  internal  structure^ 
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which  fiitiLs  iui  L-xplauation  in  the  regular  armngement>  or  in 
the  uniform  orientattou,  of  itd  molecules.  Each  molecule  is 
bnilt  up  of  atoms  of  detimt«  constitution  aiid  number.  These 
atoms  are  disjtased,  according  to  a  definite  law,  alx>ut  three 
axes  purijeudieiilar  tv  one  anulber.  The^  three  axes  are 
^uerally  unequal,  ho  tlmt  furcos  acting^  in  tlieir  re!i|>ectiTe 
diructiim-s  upou  the  niulecule  encounter  difl'ereni  resislaocea. 
An  aj^gre^atlmi  of  equal  niuleciiles  will  compoee  a  cry»laJ, 
wheu  they  collect  in  BUt.-h  way  that  their  equal  axes  are  respec- 
tively [Mrallel.  AHacunsoqueuce  of  this  thoerystal,  asa  whole, 
exhibits  dift'erent  physical  eharacteristica  in  differentdiroctions, 
e.o.  beat  U  trauamitt^d  through  them  with  unequal  rapidity  in 
<1ift«reat  (lirectiona;  the  amoimt  of  expansion  due  to  heat 
varies  wiOi  the  direction,  etv.  If,  however,  the  molecules  are 
irregularly  disposed,  so  that  the  corresponding  moloculai  axes 
lie  in  all  possible  diroetiona,  they  form  an  UMryiitaUuM,  or 
arnorphoaa  body.  Sueh  irregular  orientation  of  molecules  oecnrs 
u'ilh  liqiiidd.  Hiuce,  in  this  case,  no  rlirection  isdistingnUhed  in 
any  special  way,  uiicrvittalliKed  liquids  and  solids  possess  the 
same  properties  in  all  directions.  This  is  true  tklut  of  crystals 
of  thti  regular  fysfcjtis,  whose  molecules  have  three  equal  axes. 
Those  bodies,  whi<rh  are  endowed  with  the  same  obaracteristips 
in  nil  directions,  are  called  isolropie.  CryatalH  of  the  quad- 
jangular  and  huxaguual  systems  have  two  axes  which  are  equal 
and  a  third  which  dilTors  from  these  two,  while  crystals  of  the 
irhomlM_iidal,  mouodinic,  aud  tricliuic  systems  havo  llirc«  un- 
equal axus.  Bodies  like  the  crystals  of  these  live  systems, 
exhibiting  different  properties  In  diflTerent  directions,  are  called 
anitotropU,  or  h^erotrcpic. 

A  nave  of  light  cannot  be  transmittetl  through  the  ether, 
uhich  fills  the  interstices  of  bodies  without  both  acting  upon 
the  molecule  and  cx|>crionciu^  fnmi  it  a  corrcsjtoiidiii;;  reaction. 
This  ofloet  is  revealed,  on  the  one  sidej  by  an  enfeeblemenl  ((f 
the  wave  Cabsorptiou),  and,  ou  the  other,  by  an  niteiation 
of  the  vehwity  of  propagation.  In  an  iitotropic  Uidy,  the 
luminous  vibrations  are  iiillueuced  lu  the  same  way,  regardless 
of  their  direclion  of  progHigation.  If,  at  a  certain  ])oint  of  aoch 
a  body  {t.g,  glass),  vibrations  are  excited  in  any  given  direction^ 
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tboy  will  bo  tTausmittod  tltrougli  the  body  with  a  loner  relocity 
tbau  through  the  ether,  though  th«  velocity  will  be  thesamain 
all  tlirectiuns,  su'l  the  vibratiuim  ivill  produce  8|iherical  vraTOe 
about  the  point  al'  excitatioD.  The  trat<ff  surjaee  of  an  ittotropic 
mecHum  ir,  therefore,  said  tu  be  spheritml.  The  mcKle  of  pru- 
pagation  of  light  iu  such  a  inodiiuu  U  cnmpltilMy  gpecittud  by 
tueans  of  this  form  uf  wave  surface.  The  uiotiau  of  light  iu 
an  anisotropic  body  is  jiwt  as  oompletely  known  a^  the  fonner, 
HO  tiiiHiu  an  it.t  ttharac'terJKt i(!  wave  t^iirfai'u  bail  lieeu  obtained. 
/.«.  the  surface,  itpm  wbic'h  all  moIeciuIeH,  at  any  given  iDstani, 
are  in  the  same  phute  vibratit>n<t. 

Cale-spar,  calK-d  uLso  IcolunJ  spur,  may  bo  takcti  us  au 
example  of  such  bixlies.  This  substance  [Kjssespes  iu  a  remark- 
able degreo  this  property  of  double  refraction  (Erasmus  Itartho- 
limiK.  1()(>9).  Its  transparent,  ctiionrle»3  crystals  cleave  per- 
fectly along  three  directions.  Pieces  may,  therefore,  l»e  readily 
obtained  which  are  bounded.by  six  iKjual 
rhomboidal  surfaces,  and  are  called 
Tkombofudra  (Fig.  388).  Two  of  (ho 
opiM)site  vcfticos,  a  and  b,  are  enclosed 
by  three  obtnso  face  angles,  and  the 
romatning  six  are  bounded  eaeh  by  one 
obtuse  Rn<l  tn'o  acnte  face  angles  The 
Flo.  389.-Rhoinb«hod«n.  straight  linu.  ah,  amnecting  the  two 
obtuse  vertice.s,  is  called  the  principal 
fudSi  or,  more  simply,  the  ttria  of  the  crystal.  The  sorfacos.  edges, 
and  Tertices  are  symmetrically  diKi>osod  nith  respect  to  this  line. 
Any  plane  paRsed  through  the  axis,  or  a  line  parallel  to  it,  is 
called  a  [iliine  nf  pnticifjat  neetion.  X  simitar  symmetry  is 
exhibilfd  by  each  molecule  of  the  calc-spar.  Each  pn^sesse^  a 
principal  axis,  distinguished  from  all  other  directions  iu  that 
it  lies  panillcl  to  the  axis  of  the  i-ry^tal.  so  lliat  the  moleeiilo 
exerts  nptm  limiiuous  vibrations  perpendicular  lo  ihia  principal 
axUi  an  influence  different  from  tliat  exerted  upon  vibrationa 
[larullel  to  the  axis,  or  at  any  other  angle  with  respect  to  il. 
Suppose,  now,  in  Fig.  M-IO,  the  plane  of  the  drawing  to 
represent  the  princi^xtl  section  of  a  m-stal  of  Iceland  spar. 
and  ah  to  indicate  the  direction  of  the  axi^   Hiippose,  also,  tliat 
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TiliTHlioiiK  i)riginatf>  nt  tbo  point,  m,  and  that  these  vibralions  are 
|i*rlly  in  tlio  plane  of  the  prtin'ipftl  section  tinil  partly  jwrpon- 
diciiliir  ti)  it.  Thcj  littler,  which  arr  nino  jierppnilifiiliir  to  the 
tuiN,  are  traiiMnittetl  in  all  ilin^cUimn  wiili  the  same  velocity, 
giving  ri«e  to  the  circular  ware  imlicatetl  in  the  figure.  The 
%ibmtion8  in  the  piano  of  the 
principal  section  are  iransmitlecl 
with  different  velocities  iu  dif- 
ferent dirwtiun.s.  depL-iultnt  uiitm 
ihe  uu]^:lu  tliey  furni  with  tho 
principal  axis.  Vibratiuna,  for 
instance,  parallel  to  the  direciion 
of  the  axis,  give  rise  tn  a  roy,  mh, 
which,  ilurinfT  the  time  pe(|tiire<I 
for  the  vihratioua  perpenJieiilftr  to 
ihv  axi^  t<:>  traverse  the  radios  of 
the  fonuer  circular  ware,  pass  over  the  groater  dislatioe,  »nf, 
bevaiise  in  Ii>elaml  s\Ht  the  vibrations  parallel  to  the  axis  are 
more  rapidlv  tranwnitted  than  are  thwse  perpe-udiciikr  to  it.  Hut 
pbratiuus  (lireetud  toward  ed,  being  perpendicular  to  the  axis, 
udncc  a  ray,  mo,  which,  dnriug  the  time  considered.  advaiice« 
only  to  the  circle.  Finally,  the  rays  wbo»e  vibratioiui  are  obtit|iie 
to  the  axis,  have  a  velocity  of  projMtgation  (e.g.  mf)  intonnediate 
between  nul  and  tna.  So  that,  a«  Iliiyghoos  ( lt»78;  has  shown, 
the  vibrations  in  the  princii^l  section  produce  a  wave  of  ellip- 
tical contour,  acbd,  which  vi  tangent  to  the  circular  ware  pro* 
daced  by  the  vibrations  perpendi- 
cular to  the  princijial  section,  at  the 
extreiuitiee  of  the  axis,  a  and  h. 
Whet  in  tnie  for  this  priiK'i|>al  sec- 
tion, is  true  for  all  similar  iiectious. 
It  is  then  only  nfce-ssarj-  to  ima^'ine 
Fig.  Si'O  turned  ulwut  the  axis,  ah, 
to  obtain  the  wave  surface,  which 
dotenniuus  the  nature  of  the  pro- 
pagation <->f  light  in  eftlc-9pBr.  These 
wave-surfaces  consist  of  two  Khells :  of  a  sphere  for  the  vibra- 
tions perpendicular  lu  the  axis,  and  of  a  Battened  ellipsoid  of 
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rovolution  enveloping  tbe  sphere  aud  touching  it  at  the  endA 
of  the  axis,  for  the  vibrations  obHi{ue  to  this  axis.  Fig.  391 
shows  three  Ductioiu  mutually  )ierpeiirIi(TuIar  to  one  ojiother, 
vix.  Xvn}  principal  switions.  aiid  a  section  perpendicular  lo  the 
axiit.  The  tignro  fttrnishes  a  simple  model  of  the  ware  sarfaw 
for  this  suhstaace. 

Imagine,  now,  a  beam  of  parallel  rays,  ahef,  to  fall  upon 
the  Duiface,  MN  (Fig.  392),  of  a  crystal  of  calc'Spar.  Let  a 
perpend ioular,  fig,  to  the  direction  of  the  ray  be  drami  from  h, 
where  the  surface  is  titst  struck  br  the  beam.  Thi»  line,  2y, 
will  then  repr«Moiit  tliat  ]Ktrtiou  of  the  plane  correi^pondinf!;  wave, 


Plo.  B92.— Unvblo  Reftactfan  tn  a  Cnti«-«pftr. 


in  which  all  partieles  of  the  ether  an-  simiiltaiieonslr  tn 
the  same  phase  (r/.  Fig.  I17I).  As  the  wave,  h^,  impinges 
ogaiusl  the  surfare  of  the  crystal,  the  jiartirli's  of  ether 
lyiug  between  h  ami  /  are  successively  set  in  motion,  aud 
each  transmit*  a  wave  into  the  rrystal.  For  simplicity,  let  it 
be  assumed  that  the  plane  of  int^ideuce,  i.e.  the  plane  of  the 
drawing,  represents  a  princi|ial  Hectioii  of  the  (TVHtal.  It  is 
then  uecessari'  merely  to  cuDceive  of  each  iuriduut  natural 
ray  at  rtmHbtting:  of  two  ei^ually  bright  rays,  one  vihrating 
iu  the  ])riucipa1  section,  and  the  other  perpendicularly  to  iL 
The  latter  vibrations  being  jwrpendictilar  to  the  axlit,  hi,  of 
the  crystal,  while  the  wave,  hg,  passes  from  g  to  /.  will  have 
spread  out  into  a  circular  wave,  ih.  whose  radhis,  M,  is  to  j^ 
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aa  the  velocity  uf  ptopagatiou  uf  theae  ribratifinA  tu  the  eryatal 
is  to  the  velocity  of  propagatiou  in  air.  From  oBch  point  of 
the  SKTlme  of  llie  L-ryHtal  (wtween  ''  nnd/,  a  circulnr  wave  will 
be  simiiltaneouHly  emitted,  wlinse  riidiii!;  in  smaller  the  later  the 
cottespundiug  poiut  in  reaohed  hy  the  iiicident  wave.  Alt  these 
circular  uavea  have,  at  th^'  iuHtaiit  tite  im.-ideiit  wave  ntrikcs 
the  point,  /,  advanced  U>  the  line,  /h,  which  is  the  coniinou 
tODfreDt  to  all  the  circular  wares.  The  line, /A,  occordlui^ly, 
repredentii  the  [iluue  nave,  enteriiij;  the  cry^t«l,  and  the  t^traif^bt 
line,  bh,  ilrawti  tnmi  b  tuward  liie  [inint  of  contact,  h.  giveH  t)ie 
correii{H>i)diiig  direction  of  the  refracted  my.  Since  the  wave 
contour  utied  in  thi^  drawing;. m  in  simple  refrat'tin^  (isotntpic) 
media,  ia  apherical.  a  ray.  vihratiii^  pHrjK-Midit:ulnTty  to  the 
principal  section,  coDforms  to  Snelliua'  law  of  refraction.  If,  in 
A  tiimilar  way,  it  is  desired  to  take  account  of  the  rays  vibratiDg 
ill  the  principal  piano,  the  elliptical  contour,  m,  mudl  he 
(UiiH'n  about  b  {bi  is  the  direction  of  the  axis),  and  then,  from 
/.  the  line, /V,  tAD<rent  to  this  contour  mam  l>e  drauii.  This 
Iiii(f  iiidiL-attiM  the  position  cif  the  rffnuMed  wave,  and  the  liue 
froHi  ki  to  the  point  of  eoatact  shows  the  correafxinding  direction 
of  the  ray.  By  reason  of  the  ellij>s<>Idal  form  of  its  wave  snrfaoo, 
this  ray  does  not  follow  the  or-linary  law  of  refraction.  It 
cDuforiuft  to  a  much  m(»«  complicated  one.  It  is  thiiH  ^teen 
that  a  nutiiml  ray  (ah)  incident  npou  a  erystal  of  luetund  s|iar. 
in  rt>sf)lv(H)  guniTally  intu  two  rays,  which  are  profiagatt^l  with 
aneiiual  velocities :  an  ordinary  ray  (bh)  and  au  extraordinary 
ray  (hn).  Both  are  ecmpJetel^  polarif^l,  the  latter  with  it« 
ribrations  in  the  primary  petition,  while  tho?e  of  the  former 
are  ])er])eti'ncntar  to  it.  If  the  plane  of  iucideuce  is  per- 
pendicniar  to  the  axis,  the  rays  will  radiate  in  two  cuneeutric 
circles  (cf.  Fig.  SHI),  and  boih  waves  follow  .Siiellius'  law  of 
refraction.  This  occurs  with  a  crystal  of  Iceland  spar,  whose 
nffacting  cd^e  is  parallel  to  the  axis  of  the  crystal.  By 
means  of  such  a  prt.>>m,  the  two  princijial  indices  of  refru^tion, 
11^  for  the  ordinary,  and  tt,  f<jr  the  extraordinary  ray.  may  then 
lie  fonud  by  the  meth<Ml  of  least  deflection  (329).  For  aodiuni 
light,  t>.  ss  1*6585,  11,  =:  1'48(j5.  and  from  these,  if  the  velocity 
of  light  in  air  equals  1,  the  least  velocity  of  propagation  in 
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Iceland  spar  equals    -  =  0*6030  (semi-minor  axis,  ma,  of  the 

ellipse.  Fig.   389),  and  ilio  least  equals  —  =  ()-6727   (semi- 
major  axis,  md% 

8inco  there  is  but  a  sinple  velocity  of  propagatiwu  in  the 
ihrection  of  the  axis,  a  iiatiiml  ray  Riitering  tho  crystal  ahmg 
tbe  axis  does  not  admit  of  reitnlutian.  Anj  directinn  in  a  double 
refracting  prism  alon^  which  double  refrartion  does  not  <XTiir 
is  called  an  optical  axin.  All  iTystalx  nf  tho  »c)iiare  and  hexa* 
gonal  systems  (to  the  latter  of  which  c-alcti]>ar  liclontrft)  posses* 
a  single  tiptical  axis,  which  roincides  with  the  '-Tvstallofrraphic 
principal  axiii,  and  suvh  cryntals  arR  called  opticaUtj  untattial. 
CryMals  in  vrhicii  the  extraiirdinary  rays  are  irauKmitted  mure 
rapiilly  than  tho  ordinary — in  whit^h  the  ellipsoidal  waTe 
envelope  i-n(iI<isos  thu  Hpheritral  wave^ — hukIi  o:)  i»l<vs|Hir,  tourma- 
line, sodium  uitrutf,  vto.,  are  called  nnitixiallt/  negative.  When, 
on  the  contrary,  the  spherical  wave  includes  the  ellipsoidal,  or 
when  the  onlinary  waves  lm%'e  the  {greater  velucitv,  the  crviital 
in  said  tu  be  uniaxtaUy  positive,  an,  for  example,  rock  crystal,  or 
qnartK,  zircunituit.  tin  ore,  ice,  etc.  In  the  rryittaLs  of  the  three 
reiiuiining  systeniB  two  rays  iKdarJKcd  |ter|ieiid)rnlarlv  to  eaeh 
other  are  likewise  pru|iagatud  with  unequal  velo':ities,  though 
neither  follows  the  ordinary  law  of  refraction.  In  each  of  these 
erystftU  two  direntious  witlmnt  double  refraction,  or  two  optietd 
iUBes,  may  be  fimnd.  The  cryHtalK  are,  therefore,  term<Ml 
optically  hiaitial.  Suuh  crystab  are  cxcmplitiod  by  aragonite, 
toiiaz.  gypsum,  etc 

Inasmuch  a$  double  refraction  decoiupot^ei;  a  natural  beam 
of  light  into  two  perpend ieularly  polarized  Ijeanis,  it  offotds  a 
convenient  way  tif  procuring  polarized  light,  by  merely  taniiug 
aside  one  of  the  two  beams.  This  deflection  of  the  beams  i« 
neoesBary.  because  othenrise  the  beams  would  intermix,  and 
give  again  unpolarized  light.  It  is  aooompLished  rery  in- 
geniously by  means  of  the  Nicol's  (1841)  prism  (Kig.  393). 
Thin  prititu  is  prepared  by  properly  Rpliltiug  a  rhombohedron 
of  Ic*!laud  spar.  The  natural  end  surfaces  formiug  an  angle 
of  71°  with  the  blunt  lat4?ral  edges.  PH.  are  replaced  by  new 
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siirfaues,  PP,  making  au  augte  uf  6$"  with  thena  edges.  TJie 
prism  is  now  sawed  iu  two,  tUrough  the  setitiun,  HH,  per- 
pentiicularly  to  the  end  surfaces,  and  the  surfaL'^M  of  section, 
after  being  pulished,  are  cemented  toguthvr  with  Canada  balsam. 
Mlieu  a  natural  ray,  ah,  impinges  upon  the  froiit  surfiu^e,  PP, 
it  splits  into  an  onlinary  ray,  be,  ami  an  extraordinary  ray,  Id. 
The  liimier,  wlinse  index  of  refraction  ^l-(i68)  is  greater  than 
that  of  Oaiutda  Iwl-sam  (l*o3X  impiugeei  ho  ohliquely  against 
the  uemeutMl  surl'm:(-  that  it  cannot  pasM  tlirough  and  out    It 
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saOeni  total  mjleetlon.  The  extraonlinary  ray,  on  the  trontrar}', 
which  13  pni^mgated  in  Iceland  npar  more  rapidly  than  in 
Canada  LaLsam,  puuetrates  the  latter  section,  and  leaves  its 
back  surfoiTO  in  a  completely  jMlarized  cimditton  along  def,  the 
vibrations  being  parallel  to  the  principal  section,  PHP,  or 
pamllel  to  the  shorter  side  of  the  rfaomlxitdal  i^ml  snrfaees,  a^ 
iudicatetl  in  Fig.  ^94.  For  rayn  which  vibrate  perpendicularly 
to  itH  prinri|)Bl  section,  the  NioorH  prium  in  jierfectly  opaque. 

The  jndariiiing  properly  of  tourmaiine  im.  moreover,  (connected 
with  its  property  of  double  refractiun.  \a  already  indicated, 
in  double  refracting  crystals  both  the  velocity  of  propagation 
and  the  abfiurj>tion  of  the  Inminoiig  vibrations  depend  iip<tn  the 
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angle  which  those  vlbratiuus  make  tvitb  tbe  optical  axis,  so  that 
vibiBtions  perpeiidiciilar  to  l,hU  axU  suffer  a  JifTerent  absorp- 
tion, and  appear,  therefore,  differently  coldiired  from  thtuM 
parallel  to  the  axis.  Thiit  property  U  colled  diahroism.  It  is  so 
conspicuous  in  many  crystals  as  tu  be  perceptible  at  first  glunoe. 
Penninu,  far  oxatuplo,  seen  iu  the  direction  uf  its  axis,  appears 
of  a  dark  bluish  ^rooD  colour,  though  wbon  viewed  porpendica- 
larly  to  this  direction  it  «p|>ears  bromi ;  conUerito  (difhroit«)  in 
the  directiou  til'  its  axis  looks  dark  blue,  but  porjjendiL-nlarly 
thereto,  it  looks  yellovrigh  grey.  Tourmaline  is  also  a 
''dicbroitic"  crystal,  in  which  tbe  Tibrations  of  the  ordinary 
ray  [Htrpomliciilar  tu  the  axis  are  almost  completely  extinguisb«l 
by  abaorptiou  and  only  the  vibratiuod  of  the  extraordinary  ray 
IiiiTftllfl  to  the  H-xifi  arc  triiii emitted. 

365.  Polarizing  Apparatus  are  applianites  used  in  studying 
tran-Hpareiit  objects  under  polarized  Hght  Since  an  apparattis 
fur  polariziug  light  may  aln)  be  used  tor  tho  converse  purpose 
of  detecting  the  prewnt^  of  polari/ed  light,  a 
combiuatioQ  of  tiro  polamiog  plfttos,  the  lir$t  of 
which  furnishes  the  polarij&ed  light,  and  ts 
termed  the  polarisery  and  the  veooad  plays  the 
part  of  an  antihfxer  and  is  called  a  j)oliiri$eope, 
canatiintes  a  polarizing  apfwrattu.  The  simplest 
form  of  this  apj^ttratns  is  the  tcurtHoliM  ytneetii 
(Marx,  1827;  Fig.  395),  Two  tourmaline 
plates  are  hold  by  means  of  dUks  of  cyrk  in 
such  way  that  tliey  may  be  turned  within 
rings  of  wire.  By  means  uf  a  beut  wire  the 
plates  are  presMnl  gently  against  each  other. 
so  that  a  small  object  pluoed  between  tbeni  u 
held  08  by  a  pincette. 

In  ■  Noorrcmberg's  appanitiis  (Fig.  3f>6)  a 
^Ito/pw*  trans|«rent  mirror  <AB)  forming  with  the  axis. 
So,  of  the  instrument  an  angle  of  33',  forms 
tbe  polarixer.  The  light  coming,  say.  fmm  the  cloudc^l  -iky. 
along  tliti  diriH;tioD  ab.  is  detlectetl  downward  {be),  oud  tbeu 
upwanl  by  means  of  a  Iuir^>^,  c,  imbedded  in  tbo  ta»e  plate, 
m  that  f^ter  ])as3ing  through   the  glass  plate,  Ab,  it  may 
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£al\  upon  tbe  bla^-kened  mirror,  S.  wbich  acts  oa  a  polariscopd. 
The  lairrtir,  8,  is  supported  by  two  oolumns  upon  a  ring 
whicb  moves  within  a  second  fixed  ring  jijradufttod  intu  degreea. 
Objocta  to  be  iiivestigatod  are  plactd  ujwm  the  glass  plate,  A. 
£ither  a  glass  [>ile,  or  a  Nicot's  prism,  may  be  used  as  ptjlari* 
scu|n).  If  it  is  desired  to  a^lapt  this  apparatus,  which  iu  the 
form  just  deHcribud  is  specially  adjusted  for  parallel  ray^i  to 
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use  with  a  convergent  beam  of  light,  a  suitable  lens  must  b« 
Vlfti^ed  before  and  behiml  this  object,  liislmments  have  in  tliis 
way  been  conHtructod,  which,  since  they  permit  the  study  of 
Tory  small  objects^  have  been  called  mieroseoine  polarhin^ 
a/>jxirattte,  or  polari-tnieroteopes.  Noerremberg**  microscopic 
apparatus  (Fig.  Ii97)  contains  within  the  casings,  A  and  B, 
combinations  of  lenses  between  which  is  plaiwd  the  object  to  be 
obsaryed,  e.g.  a  plate  of  doubly  retVat^tiug  crystal.  The  iuslru- 
ment  is  sometimes  pntvidcd  with  a  wooden  disk,  T,  within  whoae 
marginal  openings  various  platen  of  crystal  are  plawd,  tbe  di^k 
being  located  with  its  perforHled  centre  uiion  tbe  pivot, :.    Tbe 
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light  fram  tlie  clouded  sky  U  trsiisniitte*!  to  the  {mlftrixUig 
mirror,  T,  by  meaiin  uf  tlie  inirrir,  8,  in  the  usual  tuanncr.  aud 
the  Xipol's  prism,  ('■,  serves  as  analyzer. 

366.  Chromatio  Polarization. — Under  thi& caption  arc  iacluded 
all  lliose  rolour  phenomena,  shoim  by  doubly  refracting  bodiM 
in  polarixetl  light.  The  trani<pBrent  crystals  of  grpsiim  are 
easily  .-^plit  int^i  vor)'  thin  phit«i«  (Fig.  398), 
ao  that  thifi  Kubstauco  'u  especially  well 
snit^fl  for  ii»o  in  the  study  of  the  coIhuri 
1)1'  thin  plates  under  pulariwd  light.  When 
a  tbiti  plate  of  gyftsnni  \>i  jilace*!  betneeu 
the  poliiri/er  and  the  attnlyzcr  iil'  a  iiuluriz- 
ing  apparattiH.  fnr  e?iampl«,  by  laying  it  upon 
the  diiiic,  .\.  of  X<torrciubcTg'£  apparataa 
(Fig.  .S96),  when  not  ten.  thick  it  api^ars  niure  or  les-s  vividly 
coloured.  The  eolour  d)Ka])])tearK  only  in  two  s[ieeial  jiositiuns. 
^Vhcn  the  planes  of  vibration  of  polarizer  and  analyxer  are 
iiiiilually  perpendicular,  the  field  of  view  of  the  analyzer  looks 
perfectly  dark.  lu-teiting  uuw  a  plate  of  gypsum,  the  field 
mstantly  ap^iears  brightly  coloured  againttt  a  dark  ground.  By 
rotatinj:^  the  pkt^-,  it  may  reaiUly  be  brought  to  u  {Kwition  where 
it  appears  an  dark  at  the  reHt  of  the  Held.  This  occurs  wheu  either 
the  direction,  ai,  or  the  |ier|»eiidicular  direction,  cd.  viz.  the 
directiouti  of  vibration  of  the  two  beauui  ari:!ing  in  the  gypsum 
plate  by  virtue  of  its  double  refraction,  coincides  with  the 
direc'tioD  of  vibration  t.f  the  polarizer.  On  the  contrary,  it 
uppears  mo«(l  brightly  (coloured  wbeu  theee 
direcrtionit  form  angles  of  45°  with  the 
direi!tiou  of  vibration.  If,  therefore,  one 
of  tUetii:  directions  h  [wrallel  to  the  direc- 
tioD  of  the  luminous  vibrations  from  the 
polarizer,  thiu  light  {lasses  without  altera- 
tion of  its  direction  of  vibration,  and  is 
extinguiiihed  by  the  analyzer.  But  if  the 
diruetion,  ui,  forms  an  angle  with  the 
dirui^tion  of  vibration,  K.S  [Fig.  IJyfi),  of 
the  polarizer,  the  motion  directed  toward  US  must  be  re- 
solved into  two  component.",  one  aioug  ab,  and  one  along  ^, 
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aiid  these  cumiiuiientM  ut-e  pn))iagatecl  tLn>ugli  the  crystal 
with  unen«al  velocities.  AnivinK  at  the  aaolyzer,  which 
transmiU  imlv  vibratiotiH  directed  toward  PQ,  euvh  uf  lhe«e 
two  coQiponent  vibrtitiuus  is  again  ruMilved  iutu  two  com- 
pimonts,  one  of  which  \s  directed  toward  Pti,  aud  the  other  per- 
peodioalarly  to  PQ,  along  IW.  The  hitter  is  c<)uiiet[uently 
extinguished-  The  twi>compuneiit  vihralioas directed  along  PQ 
interfere  with  eai'h  other  hy  virtue  of  the  diflerem*  of  distaneee 
ihey  have  travulled,  tliJii  diflerence  baring  rc:«ulted  from  their 
nnec{aal  velucitiea  in  the  crystal.  Thrunj^h  thin  inlerferonce. 
(hosr  roloiiishave  Itcen  sitW  out nf  the  lufitleut  white  light,  for 
which  the  difference  of  distance  otpiaU  an  iutegnd  number  of 
batf  wave-leugth».  The  gy|)»uiu  ])late  seen  through  the  analyzer 
then  8h()w>i  a  colour,  which  is  tfonipounded  of  all  those  componeiit 
vohmrs  which  have  vanished  through  the  eOWt  of  iulerfereuoe. 
If  the  analyzer  is  gradually  rotated  from  the  potiitioQ  PQ.  into 
the  po!)ition  ItH  the  colour  dtmiui»he»  in  hrtghtueas,  and  at  46'^ 
it  boeomcs  whit&  Still  farther  rotation  brings  out  the  oom- 
plomentary  c-oIuur,aQd  tn  the  parallel  ptMilion  (II.S)  to  the  plaues 
of  vibration  this  (.■olour  altaina  its  highest  brilliancy.  la  this 
pciMitiou  th»-  vibrations  directed  toward  I'Q  an?  extinffuished, 
and  the  com])uueuta  directt^d  along  KS  interfere.  The  latt«r 
are,  lioivever,  like  directed  when  the  former  oppose  each  other, 
aud  conversely.  lu  the  parallel  poaition,  therefore,  those  colours 
vill  appear  in  greatest  intensity,  which  vanished  in  the  crossed 
position,  and  the  colour  of  the  plate  Lu  ihe  one  pwiiion  itiust  be 
cuuiplemenlary  to  that  in  the  uthnr. 

The  conipositiou  of  the  colour  at  any  iutitaui  may  be  ascer- 
tained by  decompu»iiig  with  a  prliin  the  light  which  passes 
through  a  ^ypsiun  [tlalc  pbutxl  at  an  angbt  of  45'  between 
etoased  Ntcol's  prisma.  IJurk  atrcaks  then  apj>ear  in  the 
s|)6Ctrum  in  the  places  of  the  colours  destroyed  by  interference. 
These  Rlreakit  gtnw  fainter  when  the  second  Xi«nl  is  rotatetl, 
and  vanwh  completely  when  the  principal  sections  of  the  N'iuoli 
are  incUnud  at  an  angle  of  ATi"  to  one  another.  Turning  the 
second  Xicol  until  it  becomes  ])arallel  t<>  thu  Hr^t,  dark  Hlreuks 
again  appear,  but  now  at  the  placets,  which  in  thu  cnxsKed  posi- 
tions gave  greatest  brilliancy.    Tho  thicker  the  plate  of  gypsum 
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the  more  dark  streaks  nppear  iii  the  spectrum  and  tbe  mora 
neiirly  tlties  ilfi  interference  ooUmr  approach  white. 

All  grailiitiituti  nf  cjilniir,  shtmn  by  g^  jtsiim  plates  of  rarying 
thicknessen,  umy  bo  .-sucu  »t  oiico  with  u  weilgif&hapeil,  ur  con- 
cave gypsum  plaiu.  The  colours  amiugeil  in  logulat  stieaka 
[mrallel  to  the  ed^o  of  the  pri.sm.  ur  in  concentric  circles 
around  tho  thinnest  part»t<if  the  plate,  exhibit  the  same  sei|uaaoe 
H-i  is  seen  in  Newton's  colour  rings. 

The  ])heniimona  exhibited  by  plates  of  uniaxial  crystals  cut 
jKtrjHMi'IitMiIarly  to  the  ojiliral  axiri  urti  partit-ii lurly  iutcrcatiug 
when  studied  in  convergent  polarized  light.  This  may  be  doue. 
for  oxamplo,  by  bringing  the  plates  into  a  «<i-callcd  niicruetcopio 
polaxizcr  (Fig.  3^1).  The  ray  ivbicU  strikes  the  plate  [wrpen- 
dicalttrly  parses  through  in  the  direction  of  the  optical  axis 
without  siiflering  double  refraction.  Every  other  ray  of  the 
conical  beam,  however,  in   doubly   ret'rairt«il.     For  the  reaaoH 

that  oblique  rays  have  a  longer  dis- 
Uiuce  lu  traverjje  within  the  crynlal,  any 
given  ray  will  exhibit  the  phenomena uf 
double  refraction  tbe  more  strongly  tbe 
more  oblit^uoly  it  trarerses  the  crystal. 
Thiift  it  occurs  that  greater  diftereocea 
of  (liHtance  are  met,  the  furl  her  one  goe« 
from  tbe  axis  of  the  cone  and  at  equal 
distances  from  the  optical  axis,  whore 
all  circnmstaiiees  influeneiug  the  dlft'er- 
ence  of  <li.stance  are  the  same,  the  same 
differanco  ami  occordingty  also  the 
r^  "^WW  "*"**"  intorforence  colour  muat  occur. 
/^  fc[\*  V*  The  locus  of  such  points  will  be  tbe 
ciicumforoneo  of  a  circle  drawu  in  tbe 
ileldofview«boutaiH)intcurros[H)ndiQg 
to  the  axial  ray.  A  succession  of  lines  ttf 
equal  colour,  or  of  isochrowatic  corres, 
are  thus  seen  a»  coloured  rings (Kig.400) 
described  about  this  point  as  centra. 
The  rings  appear  to  be  cut  through  by  a  black  cross  (Kig.  400,  A) 
when  the  plaiie«  uf  vibration  of  tbe  |>olarizing  apparatus  are 
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I'tossed.  Since nnntbe uptioat  axu  is  perpeiulioiilar  to  the  surfacti 
of  the  ci^stal.  each  ittraiglil  line,  IHJ.  RS.  ah,  ed  (Pig.  399).  drawn 
Ihniugli  llie  ocDtmof  the  nag.-t  uurreajKtuds  Xt>  a  principal  ^^outioO. 
All  rays  from  the  pulitrizvr,  striking  the  plate  of  the  crystal, 
ribrata  parallel  to  KS.  Thcr  pa»3,  therefore,  without  decompo- 
eitiuu  tliniiigb  ttulh  principal  sectiuus,  KS  awl  FQf  ")tli  ihoir 
vibratifinti  jiarullel  to  t[i«  t'umiHr  iliiiI  perpendicular  tu  the  Utter. 
Thejr  are  (»iuiequeiitlf  extinguiitbed  hy  the  analyzer  whose 
ilireclion  of  vibration  is  almig  PQ.  On  the  other  hauJ,  if  the 
direction  of  vihrutiuu  of  thcunalyzer  a 

ia  made  parallel  to  that  of  the  p<jlar- 
izer,  tt  white  vmm  { Fig.  400,  B>  ap- 
pears in  the  phuie  of  the  former  blai;k 
oae.  and  the  tings  exhibit  colours 
which  are  oumplemontary  to  the 
former.  A  plate  out  from  an  opti- 
cally biaxial  crystal,  with  it^  svurface* 
{ierpendictilar  to  the  central  line  of 
the  optical  axis,  exhibits  (Fig.  401) 
two  groups  of  rings,  each  of  whii-b 
suirouiids  uu  opticiJ  axis.  The  rings 
of  higher  order  fusu  int<»  |K5t;u!iarIy 
shaped  cucvea  {lemmaeatcM)  envelop- 
ing the  terminal  [toints  of  the  two 
axes.  When  the  priucipa]  oeetion  of 
the  jjlale  passing  through  iheoptipal 
axiN  coinrides  with  one  of  the  two 
directions  of  vibration  of  the  polarizer,  the  double  ring  system 
tippears  to  W  cut  thnmgh  by  a  black  cross  (Fig.  401,  A).  But 
when  the  crystal  is  turne<l  out  of  thia  position  the  cross  lUa- 
solre^  into  two  dark  brutihes  of  hyperbolic  form  which  cut 
through  the  rings  at  right  angles  (Fig.  4*11.  11). 

liy  the  help  of  the  phenomena  «f  wjlonr  in  |H>larii!e<l  light 
exhibited  exclusively  by  bodies  ca|iable  ol  dtmblo  refraction,  it 
may  bo  proved  that  simply  refracting  bodict.  e.$.  glaas.  become 
doubly  refracting  whenever  a  strain  is  pnnluced  in  ihein  by  the 
application  of  any  sort  of  force.  When  a  tbiok  square  plate  of 
glass  is  compressed  by  a  small  clamp  (Fig.  402),   tn  parallel 
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jiularizeil  light  (ct;.  in  Ntx^rremberg'it  puUriicing  ftpparatufi.  Fig. 
39tj),  the  glass  shuwH  a  (huk  cniss  with  coUhitmI  fringes.  By 
stroBgly  houtiii'^  a  pieco  nf  ^\a»H  and  then  rapittly  cooling  it 
the  pru[Kirty  ut'  duubk"  rofraction  may  bo  poruianontljr 
imported  to  it.  A  (nrt^uhkr  gU^  phito  to  troatetl 
exhiliits  CDloiirecE  rings  uverlai'l  W  a  hlack  rruss. 
prerimely  as  is  i\w  case  witli  n  plate  of  Icelaiul  sjiar 
cut  |)erpeiitlirularly  to  the  optii-al  axis  from  its  natire 
statu.  With  a  Mpmre  glasa  plate  (Fig.  MY-h  a  black 
cross  also  appoars  tt^«thdr  with  a  coluurod  ring 
tiguro  in  each  coraeT}  rosembling  the  cyo  of  n  ]>e«- 
cock's  feather.  Sinco  glass  cooled  tixi  repiilly  l«reak» 
very  ea.sily,  a  jmrcbaser  of  glasswares  may  arail 
iiim^olt'  of  the  mluiirs  sliown  in  n  pnlarizttr  iu  tiu; 
selection  of  the  most  ilumble  orlidiM  by  lUacanU 
ing  all  pieces  which  exhibit  coLoui-  whou  t««t«d  by 
the  oi>paratUfl.  The  iloubIi>  rofrai-tion  of  cooled  glass  as  re- 
vealeil  by  those  colour  phf?iioiuo»a,  is,  however,  osseutially 
(iiflfereiit  from  that  of  crystals.  The  ring  system  of  a  cool  glan 
plat«  apjwars  even  in  a  jxtrallel  Ijeaoi  of  polarized  rays.  The 
tliflereuceti  of  distance  increasing  from  the  t^entre 
uiitward  can,  therefore,  arise  ooly  f^>m  the  fact 
that  thed<juble  refraction  with  unaltered  direction 
of  ray>i  inereui*"!  toward  the  edge  of  the  plate. 
Vi'hh  a  crysial.  however,  the  double  refraction  at 
each  point  is  the  name  for  the  name  direction  of 
the  rays,  and  dttos  uut  change  from  mie  puiut 
uf  the  eryatul  tu  anothui. 
S67.  Bclatioa  of  the  Flase  of  tclAxiiaUoTi— [circular  polar- 
ization, rotatortf  j)oiaTizaiion). —  When  a  pUite  cut  fnim  a  uniaxial 
crystal  perpenilicnlBrly  tu  the  optical  axis  is  brought  into  a 
lH)larixing  apparatus  and  tpstpfl  with  parallel  light  (e-y.  I)etu*eeii 
two  Xicol's  prisnisj,  only  thtise  alternations  oi'  brightiicw  and 
liarknoss  appear,  when  the  analyxer  is  rotate*!,  which  would  have 
occutTiKl  without  the  plate.  This  is  due  to  the  fact  that  iu  the 
direction  of  the  optical  axis  no  resolution  of  the  nl«atioiis  takes 
place.  Itock  crygtal,  or  crystallized  quartz,  howover,  himishes 
an  exception  to  ihi*.    A  quartz  plate  of  proper  thickness  cut  as 
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above  8U|;f^et3ted.  appears  coloiire«l  m  tLe  ]K>tarizer,  and  on  r<>tAt- 

ing*  the  analyzer  its  c-olciurs  pasti  successively  tbroaf;li  red,  orange, 

yellow,  green,  Miie,  iiidi<;<j.  and  violet  (r,  ft,  y,  jf,  i*.  j,  v).     WUen 

the  oolotireil  light  r'otninf;  from  llii>  aiuUyzer  is  dispersed  by  a 

priwin,  H  dark  .itri|>t>  ii  swen  iu  tli«  spectrum   (or  in   case   of 

thick  pUtos  several  stripas)  which  moves  aluiig  the  spectrum 

iliiriiig  the  rutatlon.  destroying  ita  colours  successively.    The 

analyzer,   however,  can   fxtincnish  only    vihratioiw    porpen- 

iliciilar   to   its    plane  of  vilirution.     In 

lh»  w)iit«  \\^}a\   from  thu  (xilarizi^r  all 

coluiiFH    havB    the    same    dirention    of 

ribration  (indicated  ty  an  arrow  in  Fig. 

404),  an<l    would,    thereloi*.    were    tho 

()iiartz  plate  not  present,  be  wholly  ex- 

tin^ii^bed     by    the    en  >ss<'d    analyzer. 

But  in  the  pre«ienc«  of  the  qiiartx  plate 

only  one  colour  can  vanish  at  a  time. 

To  extiuguisli  the  red  ray8,  if  the  plate 

be  3*75  nun.  thick,  the  analyzer  miLsl.  l>o 

rotated  from  the  crossed  |K>«ition  by  6(_t° 

and   the   plate   then  shttws   the   cone- 

sponding    complementary    green.      Id 

the    light    from    thu  f|iiartz    plate    the 

direction   of  vibrntimi  uf  the  red  rays 

niu^t  W  perirendicular  t<>  the  preeeiit 

position  of  the  aniUyzor.     The  effect  of 

the  (juartz  has,  thoroforo,  b«n  such  as  to  rotate  the  plane  of 

Tibration  through  an  angle  of  CO^  ho  that  it  now  as8iime«  tbe 

jMwitiou.  rr'  (Fig.  404.  upper  pari).     Similarly,  it  is  found  thai 

the  plane  of  vibration  of  the  yellow  rays  has  snffere<l  arotiitifin 

of  B(F  (gg'),  and  that  of  the  violet  a  rot*ti<m  of  165"  (W).    'Ilie 

vffectof  theqiiartx  i^,  therefore,  shown  by  arolnltrmof  the  plane 

of  vibration  of  tbe  p<^>lari7e<l  rays,  by  auiountu  ditl'mu^'  for  tho 

various  colours  and  inereasing  from  red  to  violet.  This  se]iMratioD 

of  the  c«jhiiirB  accunling  Ut  the  ilireetjonn  of  thi>ir  vibrations 

efferts  a  decompodittou  of  white  light  into  itji  coustitueuta.  tje. 

a  sort  (if  dispersion,  which  has  received  the  designation  rotaiory 

dupersicn.    For  any  piiinary  cobiur  tbe  rotation  is  proportion&l 
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to  the  tliiclcDeaB  of  tho  plate.  Kuowiog  its  valae.  thon,  for  a 
giveu  thickness,  it  muy  be  giYett  for  any  other  thickness.  For 
the  colours  correaponftiDg  to  the  principal  Fraaiihofer  liD«<8.  a 
qiiartx  plate  1  mm.  tlitck  praduceii  the  following  rtptutintut — 


B 

C 

D 

B 

F 

0 

H 

I  ft" 

17' 

¥^ 

Tt'^ 

^i° 

42' 

51 

To  extinguish  the  colonrs  in  the  spectrum  successively 
red  to  nolet,  niany  rock  crystal?  require  a  rotation  of  the 
analyzer  in  the  direction  of  tite  haiidH  of  the  clock  {4«xtrorsum). 
Otherm  however,  reiiiiire  an  opposite  rotation  to  accomplish  tbe  i 
same  (Fig.  404,  lower  part).  The  fonuer  are  tnlbd  deatrc^ratt.  m 
or  right-handed,  and  the  latter,  tevo^rais.  or  left-hatided  crysttak.  H 
Itotli  sorts  rotate  the  plane  of  vibration  uf  the  siuue  Hitaplp  , 
colour  by  equal  amounts  witb  eqnal  tbicknesHes  of  plate.  m 

The  various  coloimt  which  apjKnir  «uuciMsiTely  on  rotAting  ^ 
the  analyzer,  become  simultaneously  vigiUe  in  tho  following 
^  J^,  experiment.     A  sufficient  quantity  of  an 

alcoholic  ttolution  of  resin  is  poured  inti>    m 
a  cylindrical  glass  vensel  (Fig.  405)  van-  I 
taining  water  to  render  tho  water  slightly 
milky.    The  mouth  of  the  vecitsel  is  then 
covered  witb  a  quartz  plate,  Q,  aod  quod 
thiit  is  placed  a  reflecting  prism,  P,  which  M 
lui'os  a  p«>larized  beam.  XI*,  (doming  from  a  B 
Niool's  prism,  N,  downward  through  tbe 
quartz  plate  into  tbe  liquid.    The  difliiie 
light   radiating    trom    this    beam  i»  actw 
coloured, and  shows  simnltaueouiily  all  the 
various  mlnnrs,  which  wonM  itctnir  one  after  the  utiier  by  rotating 
tho  analyzer  of  the  p<ilarizing  apparatus.  A  cloudy  liquid  exerts 
a  anmewbat  different  pulaiizing  effect.     The  hnely  divided 
particles  iti  tho  Liquid  reflect  only  tho  light,  tvho^  vibrottons 
are  porpendiralar  to  tbe  plane  of  rctlectiou,  i.e.  t»  the  plane 
determined  by  tbe  incident  and  reflected  rays.     If,  therefore, 
in    Fig.  4t>4,  the    circle  represents  the  cross-seotiim  of  the 
cylinder,  in  Muy  given  direction,  «.(/.  in  the  direction  indicated 
by  tbe  arrow,  only  tltu  vibrations  perpendicular  to  tlii:t  direo*   H 
tion  arc  reflected.   In  tbe  case  cited,  oiUy  the  yellow  vibratiooa. 
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gg\  are  completely  reHected,  and  of  the  remaindev  only  the 
component  UiroctocI  along  gy'.  The  same  is  true  of  all  otb«r 
directiuuB,  so  that  the  cloudod  liquid  ahowa  to  the  uUwrver  a 
Hitferent  mixture  of  colours  in  every  dilTerent  direction. 

To  understand  the  progress  of  events  during  the  rotation  of 
the  plane  of  viliration  in  i^uartz,  let  na  call  to  mind  the  cirL'ular 
pendulum  (Fig.  40G),  which  traverses  the  circle,  BU'U'CB,  with 
uniform  veicwity,  provided  that,  after 
being  drawn  from  the  pogition  of  oqiiili- 
lirium.  A,  to  B,  it  receives  a  suitable 
impulse  in  the  direction  B/j.  (.'onsidering 
a  to  and  fro  motion  of  the  pendulum  a^ 
au  entire  vibration,  the  pendulum  has 
jrisl  com|)lotod  a  qtuirter  of  a  vibration 
when  it  receives  the  impulse  B/i.  It 
follows,  therefore,  that  two  rectilinear 
vibratory  niotionn  at  Hj^ht  angles  to  each 
other,  *mc  of  which  precedes  the  other  by 
J  of  a  vibration,  compound  into  a  circnlor 
vibration.  In  the  case  llhutrated  in  the 
drawinr^  the  circidar  motion  is  in  the 
direction  of  the  hands  of  the  clock  (or 
tnuard  llie  right).  If  the  impidw  had 
been  imparted  in  the  opp<)eite  <lirection,  or  if  the  petidnbim 
had  been  set  in  vibration  at  tint  toward  AC.  and,  then, 
baring  reached  C,  an  impulse  bad  been  given  in  the  direc- 
tion C'c,  {wrallel  U>  AB,  the  circular  motion  wtmld  have 
been  toward  the  left.  If  the  impulse  had  been  either  more  or 
Ibkh  powerful  than  what  was  assumed  above,  or  if  it  had  been 
im^mrted  while  the  pendulum  was  between  A  aud  B,  the 
pendulum  would  have  described  an  elliptir  path.  On  the  other 
hand,  a  rectilinear  motion  arises  when  the  side-tbrust  oconis 
at  the  inntaul  the  pendulum  passes  through  its  position  of 
equilibrium,  A,  or  when  the  one  motion  either  does  not  exiiit 
at  all  or  precedes  the  other  by  an  integral  nnmber  of  balf- 
rihrations. 

These  cixcumstancee  of  motion  may  be  realiiteil  vith  Inminuua 
vibratiooa  by  tbe  aid  of  thin   plates  of  orystaU.      Mica  i» 
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specially  well  suited  to  this  purpuae,  sinco  It  is  euily  prepared 
in  vory  thin  slioets.     When  a  tliiu  iui(]ta  platR  is  placed  in  tho 
polarizing  apparatus  so  that  the  rlirectioiis  of  vibration,  nh  and  erf 
(Kig.  407),  of  the  rays  which  are  propa- 
gated   in    it.    with    iiiif<|  iittl    voli»i*itic!s  by 
virtue  of  its  (luublc  rvfrotitiou,  form  angles 
of  45°  with  the  direction,  BS,   of   tho 
polarizer,  two  equally  bright  rays  «ill  p«£s 
ontwaixl  through    the    plate,    (he   one  of 
which  vibratos  in  the  direction  a/(,am1  the 
other  in  the  direction  od.     The  |nrticlc  of 
ether  lying  at  O.  od  the  surl'aec  oi  exit 
from  the   plate,  like   the   pendtiliun,   \£ 
|XK»(>KKcd  of  t»(i  simultaneous  jterpendifnlar  mntioiiR,  and  it 
tberufore  moves  in  a  circle,  ellipse,  or  .straight  line.  w;cording 
to  the  start  the  one  component  has  of  the  other.     If  tlua 
advantage  amounts  to  nnn-fenrtb  of  a  vibration,  as  oei-nrs  when 
«inc  ray  precedes  the  other  by  virtue  of  jtA 
(jreoter  Telocity  l»y  one-fourth  of  a  W4Tf- 
lenglh,  the  particle  of  ether  takes   up  a 
circtilaT  Duitien.  right  or  left   banded  ac- 
cording as  the  ray  vibrating  toward  ah.  vt 
tnwani  rd.  pn^eedea.     This  motion  is  thw 
imparted  ti>thosuccos(iiYe  {iurticto«  of  ether 
along   the   direction   of   the  ray.      Each 
l>eginR  \\s  I'lreuit  a  little  later  than   the 
other  and  mnveM  in  »  cinde  wboite  plane  is 
]iuq)eudi('.ubtr  to  the  my,  so  that,  if  at  any 
instant  all  simultaneous  positions  of  the 
particlee   of   ether    were    connected  by  a 
curve,  a  imve  Hue,  o'a"h'e"d'   (Fig,  408), 
would    result.     ThiH   line   winds    spirally 
n])U'ard   about    the    wave>ray.   each    ivave- 
length    ip'd'ss  od)    corresponding    to    one 
complete  turn  of  the  spiral.     A  ray   of 
such    eharaeter   is   said   to  be    ciratlarly  potariud   and    ia 
contradistinetion  to  sueb  rays,  the  polariited  rays  hitherto  con- 
sidered, whose  vibrattoni*  are  in  straight  lines  perpecdicalar  to 
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the  direction  of  the  ray  and  lu  one  definite  plaDC  through  the 
ray.  are  paid  to  be  rentilinearly  puUrized.  A  oirciUarlv  {iolariz«d 
ray,  havinff  the  same  conatittition  in  all  directions,  shows  no 
peculiar  liehaviour  in  any  itpecial  direction,  z»  is  the  case  with 
a  recti! i nearly  polarized  ray.  It  eouifwrts  ibielf  under  the 
analyzer  ajiparently  like  an  nnpularixed  ray.  But  when  it  is 
tran^^mitted  through  a  mica  plate  one  quarter  of  a  wave-length 
in  thickness,  since  the  difference  of  distance  of  the  two 
waves,  ah  and  cd  (fifr.  407),  which  equals  J  wayo-length, 
ifl  thereby  destroyed  op  mado  equal  to  ^  wave-Ieugth,  it  is 
trauaformod  into  rectilioearty  i>olarized  light.  Under  these 
same  circnmstances  tinpolarized  light  maintains  its  character 
as  such. 

If  a  [lendiilum  weight,  while  at  a  distance.  A.B  (Fig.  409), 
from  its  position  of  equilibrium.  A.  receives  two  equal  and 
opposite  impulsea  towards  B'»  and  ilJ/,  each  ,.  „  ^ 
of  which  combined  with  the  impulse  of  the 
pendulum  iu  the  direction  BA.  would  pro- 
duce a  circular  motion,  the  one  right-handed 
and  the  other  left-banded,  since  the  two  im> 
ptilses  destroy  each  other,  the  pendulum 
will  vibrate  back  and  forth  in  thu  strai^^ht 
line  Bfi'.  If  the  ftecund  impulse  had  come  fiq.  4q9.  -ComUnvd 
later,  after  the  mndnliim.  bv  reason  uf  the  <;*"*< oftro^ppwlte 
nrst  impulse,  had  descTiued  the  circular 
arc,  Br,  a  rectilinear  motion  along  r/  would  have  ensued. 
Applying  this  conception  to  iuminoun  vibrations,  il  is  seen  that 
from  the  combined  effect  of  two  opjRM^ite  circidarly  jHilarized 
rays  in  other  reBpects  similarly  coustituted,  a  rectilinewly  ])nlar- 
ized  ray  must  result,  and  conversely,  that  any  rectillneArly 
[H>lari7.ed  ray  is  resolvable  Int^i  two  equally  bright  opjjosito 
circularly  polartzcNl  rays,  ur  nuch  a  ray  insy  bo  replai^d  by  tbeut. 
Tliis  idua,  Itasitd  on  the  ^'onoral  lan>t  of  motion,  would  remain 
without  practicAl  *igniticanco.  wore  there  no  boflics  which  act 
dilforently  upon  right-bandetl  and  left-handed  cinnilar  li^ht. 
Qimrlz  is  such  a  body.  Fresnol  explained  the  rotation  of  the 
plane  of  vibration  produced  by  qiiartx  as  due  to  the  dilTerent 
velocities  with  which  opposite  cirtnilarlv  polariitod    nv*  are 
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|ircipagato(l  along  ibo  axis  of  the  crystnl  (tnrL'ular  duuble  refrac- 
tion). X  re«ti linearly  pularized  my  must  then,  on  enterin';  a 
{ilaU-  fif  rijck  crystal,  be  resolved  into  two  opixi-iile  t-iroiilar 
mys,  wliieh,  after  traveraiug  the  plate  with  uueiioal  tapitlity, 
reunite  ou  cut  into  a  rectilinearly  polarised  ray,  nboee  plane 
of  vibration  deviates  toward  the  ri^bt.  or  left,  of  tbat  of  the 
incident  ray,  aKuording  a.i  the  rigbt-handeil,  or  the  left-lianded 
circular  uupiilgi^,  advanced  the  more  rapidly  in  tlie  plate,  and 
was  the  Ant  to  get  the  ether  [larticle  at  the  point  of  exit  into 
vibration. 

The  power  of  rotating  the  plane  of  vibration  of  poiorizcd 
lijfht  tresides  in  but  few  solids  besides  qiiartK,  t.g.  sodium  chlorate, 
cinnabar,  and  sulphate  of  Htrychnine  possens  this  pniju^rtv.  On 
the  contrary,  it  is  posseaeed  by  many  liquids.  The  folloving 
substances  rotate  the  plane  of  vibration  righl-handed :  Uernuui 
oil  of  turpentine,  lemon  oil,  elctthnlii?  solution  of  camphor,  water 


Pio.  +tO.— Tntw  for  Liquid*. 

solutions  of  riugar  cane,  of  grajie  ttugar,  of  dextrine,  tartario 
acid,  etc.  While  French  oil  of  turpentine,  water  of  the  hay 
cherry,  water  solutions  of  gum  arabic.  of  quinine,  of  inulinc.  of 
uiorpliino,  of  strychnine,  etc.,  rt>tate  the  plane  of  vihraliun  to 
the  left.  Most  oils  of  ether  aIi«o  -possess  thi?  capability.  Since 
the  rotatory  power  of  liquids  is  much  smaller  than  that  of 
quartz,  to  observe  it  satisfactorily,  much  thicker  layers  of  them 
must  be  used.  Tubes  (Fig.  410)  closed  at  the  ends  with  plane 
gla-ts  plates  are,  therefore,  filled  with  the  liquid.  The  amount 
of  rotation  increaees  with  the  thickness  of  the  layer,  i.e.  with  the 
lengtb  of  the  tube  and  also  with  the  degree  of  concentration  of 
thesolulion.  Ithaflbeenfouudthat,wilhatubGof2Ucm.length, 
the  rotation  for  each  gram  of  sugar  per  10()  cu.cm.  of  solution 
equals  one  and  one-third  dL-grees  (for  sodiom  light).  From 
the  observed  angle  of  rotation  the  quantity  of  sugar  contained 
in  ft  given  solution,  is  then  readily  found.  Aa  a  means  uf 
Mcnrately  measuring  very  aniall  rotation^  .Solid's  double  quartz 
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plate  IS  used    {double   platp,  Fig.  411).      It  consists  of  two 
([uartz  plat«a  cat   pGrpendu^iiUrly   t*.)  the  optical  axin  luiil 
cemented  besiile  each  otlier.    One  of  tliosto  plates  is  right-banded 
and  the  other  left-handed,  unil  l«ith  arc  .1-7fj  mm.  thick.     ^^ 
With  this  thickness  the  yellow  rays  suficr  u  rotatiim  f>f   f*^    ^ 
90°  (Fig.  404>,  and  are,  therefore,  extinguished  whcii    ', 
the  plate  i.s  lietneen  two  parallel  Xiool's  prisois,  >;<'  ! 

that  l)oth  jiartH  Khow  the  ttame  violet  cnlmir.     Siiiiv-  •-' 

in  this  c(dcnir  tlio  yellow,  to  which  thw  human  eye  is    Fm.  411. 
miiat  Hunsitive,  is  ivaiitiDg.  tho  least  rotation  of  one  of      piatc." 
the  Nieol'ti  plates  colours  the  uue  portion  of  the  plate 
reddidh  and  the  other  bluish.    On  this  accoiint  the  riolct  colour 
is  called  the  trawntwn  colmir.     If,  in  addition  to  the  double 
plate.  B  tnbe  filled  with  a  soliitiou  of  sugar  is  placed  between 
the  parallnl    NiwiLs.  since  this  solution  rotat«!i   the   plane  of 
nbralion  U>  the  right,  for  the  dextrogyrate  part  of  llio  plate 
tlie    rotation    is    increased,  while   lor    the    Uvog^frate,  it    is 
diminished.    On  the  former 
plate  the  orange  colours  ore 
destroyed  and  on  the  latter  s{ 
the    frreen.      The    former, 
therefore,     appears     more 
bluish  and  llio  latter  more 
reddish.    To  determine  the 
amoimt     of    rotation,    one 
Nicol    is    turned    until   in 
both  parts  of  the  plate  the 
same   violet  (xilouratton  is 
regtorefl.      Appantttis     de- 
sired to  det«rmino  in  thin 
way    the   constitiienl^  of  a 
sugar  solution  are  called  mcehariiMlsr*.    That  of  Mit«cherlich  is 
the  imtrnmeni  just  describ^Hl    floliel's  sacchari meter  <Fig.  412) 
c^'ntains  the  double  ]date  at  r,  between  the  two  Niwil's  prisms,  K 
and  T,  whose  planes  of  rihration  aretixed  parallel  to  each  other. 
The  alteration  of  colour  produced  by  the  tube,  wi,  fille<i  with  the 
sugar  wlution,  instead  of  bein^  et(ualiK«d  by  the  rotation  of 
the  polariseope,  T,  it  is  ailjusted  by  means  of  the  eompmrntor 
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at  e.     Tlio  ray,  passing  ttii-oiigh  n,  continue  through  a  Hgbt- 
bamletl   ()uartK    plate,   Q  (Fig.  413),  and  then  through  two 
wedges,  K  stul  N'',  ciit  from  a  left-faanded  tuck  tnyittal.     The 
wedg««  may  be  displaced  with  ralerence  to  eauh  uther   by 
means  of  u  millod  head,  fr<Fig.  Wl).     Whea  the  prisms  are 
pushed  completely  tngether  they  represent  a  quarta 
plate  dl'  tlio  ihifkiiess  of  the  plate,  Q,  and,  thorefoie, 
in  this  cciiiditicm.  they  neotralize  its  rigbt-hoiided 
rotation.     If  they  an-  drawn  out  of  this  poailitin 
toward   tho  one   side,  or   the  other,  thr   distance 
through  which  a  ray  rtf  light  has  to  pa«5  in  biith 
wedges    is   increased,   or  decr«asi»l.      The  wedges 
together    fonn    accordingly    a   loft-handed    rjnariz 
plttlf,  wlidse  thickucss  may  be  varied  at  pleasure 
'  uitbin    certain   limitit  and    which   may    lie   made 
equal   to.  greater,  or  less  than,  the  right-handed   plate.  Q. 
Hie  alteration  of  thii-kuess  may  !«■  read  by  the  aid  of  the 
point*>r,  V,  from  the  small  scale,  c.  U\  ^,',„  mm.     -Vfter  baring 
equalized  the  rlill'erciire  of  colour  lictween  the  two  parts  of 
(he  double  plate   which    was  produced  by  the    right-handed 
rotation,  of  the   tiugar  solution,    the    reading    of    the    scale 
indicates  the  thiekneeiii  of  a  ipiartK  plate,  which  has  the  same 
rotatory  power  as  tlie  sugar  Holution.     Since  it  is  knovm  that 
a  sugar  Btdutiou  containing  16-3i"i  grains  of  sugar  por  100  en.  cm. 
prtKluces  in  the  tube  2U  cm.  long  a  rotation  jnst  as  stroug  as  a 
quartz  plate  1  mm.  thick,  it  is  only  necessary  Ui  midliply  the 
number  read  off  by  lij'35  to  obtaio  the  weight  of  sngar  eon- 
tained  in  100  ca.  cm.     When  the  liquid  t«  be  investigated  is 
coloured,  the    two   jwrtious  of  the    plate  will    exhibii  a  lees 
satisfactory  colonr.    The  apparatus  v^,  therefore,  provided  with 
a  device  consisting  of  a  quarts  plate  and  a  prism  of  Iceland 
spar  by  which  the  luost  highly  sensitive  colour  is  produced. 
In  iijoliel's  instrument  this  device  is  placecl  upon  the  •x^ular,  T, 
and  in  the  apparatus  by  Voutzke  it  is  placed  in  front  of  the 
polarizer,  S. 

In  more  reoent  times  the  serm-oisctirin^  apparatus  has  come 
into  use  as  a  saeehorimeter.  The  iostruiuenl  is  m  called  because. 
instead  of  producing  equal  {vlouratioos  of  the  two  parts  of  the 
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field  of  view,  er^ual  dlntituTutidiis  of  tbe  parts  are  eflected,  and 
the  difficaltiei!  attoudiug  tbe  (liacerameut  of  colours  aro  hereby 
avoided.  The  semi-ohsc'aring  saccharimeter  »!"  Lwirent  (Fig. 
414)  cont«ins  a*  r  polarizer  a  prism.  A,uf  leelund  Bpar,rotating 
by  means  of  the  lever,  B,  aboat  llie  axiti  of  tlie  iiutriimont.  The 
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lOalyMir  is  likewise  a  movable  Nicol's  prism.  C,  wlioiie  position 

,  may  be  reail  From  a  graduated  circle,  KK,  by  nieaus  of  a.  vernier 

l«nd  microscwpo,  D.  The  lenaes,  ¥  and  G,  furtn  a  small  telescope, 

which  is  dirooicd  toward  the  rotind  opening  at  11.    The  left 

half  of  this  upoiiiug  is  covered  by  a  tUiu  quartz  plate,  (j  (Fig. 
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FtO.  tlK— For  L«arot>l'i  Bcuoliuriinoter. 

41."),  I.),  Eroind  {larallet  to  the  optical  axiit  The  tbicknesa  of 
the  plate  is  such  that  the  ililfereiu-e  ol'  distance  of  the  two  rays 
pKxluced  by  double  refraction  et^uols  half  a  wave-length  of 
yellow  light.  The  ap)>aratu$  is  illuminated  by  the  yellow 
light  of  a  sodium  tlaiue,  wbicli.  before  impinging  upon  the 
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polarizer,  nmat  pns.s  tlirmif^h  a  plate,  J  (Fig.  414),  uf  dovlily 

refracting   calcium   bichromate,  whereby  it  is  deprived  of  itji 

reliitively  teeble  green,  blue,  ami  violet  rays,  and  itarriresiat  A 

as  ucarly  in  the  rimdition  of  simple  yellow  light  as  pnsftible. 

If  DOW  tho  plane  of  vibmtion  of  the  pidarizor  is  in  the  poaitii'm, 

OB  ^Fig.  415, 1.),  forming  with  the  diroL'tion  of  tho  axis,  OA,  of 

the  fjiiartz  plate  an  angle,  a,  the  vibration,  OB,  of  the  uncoTored 

part  I  if  the  field  on  the  right  may  l>e  nwolvetl  into  the  component 

vilinitions,  OA  and  06;  for  the  (left)  jKJrtion  which  is  r-nvorod 

by  the  ignartz  plalo,  we  may  substitute  the  i^ininponente,  OA  and 

06',  tho  latter  ol  which,  on  aocuunt  of  the  differeuce  of  distance 

of  half  a  wave-length  produce<l  by  the  quartz,  is  in  exactly  the 

opposite  phase  to  that  of  theviliratioii.O^.  The  components,  OA 

and  Oi',  combine  in  the  left  portion  of  the  Held  into  the  dirw- 

lion,  OB',  while  in  the  right  portimi  the  original  direction,  OIS, 

remains  unaltered.    If  now  the  plane  of  vibration  of  the  analyzer 

is  plared  in  tho  direetion,  Oo.  perpendicular  to  OB  (Fig.  415,  IL), 

the  right  p<irti<'n  of  the  iield  is  irompletely  i>l)seured,  wliile  the 

loft  stilt  transmits  light.    But  when  the  plane  of  vibration  nf  the 

analyzer  is  brought  in  to  the  position,  Or'  (Fig.  415,  III.),  p«r- 

peadicular  tu  OB',  the  left  portion  lieeumeiii  dark  uud  (he  right 

appears  bright.    If,  finally,  the  plane  of  vihratiou.  OP  (Fig.  415. 

IV.),  is  made  perpemliL-ular  to  OA.  both  purliuu^  appear  ei|iially 

bright.    Xhe  latter  p>Jsitiou  eonedpvnd^  to  the  zero  of  grailua- 

tiou,  and  it  is  evident  that  an  abrupt  change  ef  brightness  of 

the  two  jiortions  of  the  field  must  oeeur  whenever  the  analyzer 

i.1  turned  uiil  of  ihiH  pisition  in  either  dirm'.tioii.  If  luiw  a  tul>e. 

tilled  with  a  Hugar  mdutiou  and  tdosed  at  both  ends  by  glaw 

plates,  lie  plai-ed  lielwcen  the  ojioning,  I£  (Fig.  414),  and  the 

analyzer,  C,  while  tho  analyzer  ataiida  at  zero,  the  two  portions. 

ef  the  tiohl  appear  uneqitally  bright,  because  tho  sugar  golution 

rotates  the  two  directions  of  vibration.  OB  and  OB',  in  the  same 

sense  (toward  the  right),  and  to  restore  etjnal  brightness  the 

analyzer  miist   be  r(itate<l  by  the  .same  amount     From  this 

angle  of  rotation  the  ]>ercentage  of  sugar  contained  in  solution 

\s  easily  obtained.     In  practice  the  graduation  of  the  circle. 

BE,  i»  such  as  i\>  indicate  the  quantity  of  ^iigar  directly. 

To  determine  the  angle  of  rotation  for  sugar  eolutions  as 
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Pw.  4ia— Polorittrobomoter  of  Wild. 


well  as  for  other  U<(uids,  the  yijian8f«i6<ww(*r  of  Wild  (Fig.  41fi, 
modo!)  is  tised.  The  tube,  jt.  toutaiiut  a  Savart's  polarisctipe, 
ronsisting  of  two  i^iiarlz  |)iate!i.  2U  mm.  thick,  cut  at  an  angle  uf 
45"  to  the  optical  axis.  The  [iriupi])al  sections  of  the  crystals 
cross  at  right  angle.*,  aud  turm.  with  the  plane  of  ribration  of 
the  ocular  Nicnl.  o,  an  angle  iif  45".  There  are  also  ia  the  tube 
Iwu  lenses.  I  and  m,  wliich 
act  as  a  feebly  luogniiy- 
iDgoetroDomical  telescope. 
The  arrow  indicates  the 
position  oci-iipiftd  by  tlio 
reticle.  This  ]»art  of  the 
api^mratiiH  alone  reveals 
the  Icoj^t  traces  of  polar- 
ized light,  and  is  therefore 
called  a  "  polariscnpe  ;  " 
for,  looking  ihn^ugh  it  at 
a  spo't  whfiioo  jiulorized 
light  proceeds,  rectilinear,  cr>l.yiircd  interference  bands  are5een, 
which  beoomc  more  proniHinoed  the  more  perfectly  the  iudividnal 
Toya  are  p-darizod.  Wild's  form  of  the  infltrumont  has,  at  a. 
another  Nicol's  prism  d,  whoso  case  ta  fixed  within  the  gradu- 
ated circle,  f^.  while  both  case  and  circle  may  he  turned  by- 
means  of  the  handle,  g,  past  the  lixed  pointer,  n.  If  the  Nicol 
occupy  such  position  that  its  plane  of  vibration  coincides  with 
the  principal  section  of  the  quartz  plate,  nnd  tbi-refore  forma 
vith  the  (jcniar  Xicel  an  angle  of  45",  the  bands  are  inviiiiblo. 
TlMy  reap(>ear,  however,  immeiliately  when  the  tube,  tilled  with 
the  lifpiid,  ia  inserted  l>etween  the  springs,/ and  y.  The  disk, 
hh,  together  with  the  Nic^pl,  a,  is  tnrned  until  the  bands  again 
disappear,  and  the  rotation  may  be  read  from  the  pointer,  n. 
This  rnlfttiun  i--*  iniual  and  op[i.isit«i  to  that  of  the  lii^nid.  The 
totting  iipiin  the  vanishing  position  of  the  bonds  may  be  quite 
accuiately  made,  especially  by  using  the  homogeneous  light  of 
a  »<>diiim  Hame  in  a  iark  room.  The  saccbarimoten,  as  also 
ihc  p«.ilftrialrubijmeler  de«t-Tibed  above,  are  used  in  the  manu- 
facture of  sngar  to  detenuine  the  percentage  of  sugar  in  the  sap 
tu  be  reduced,  and  aUo  in  medicinal  practice  as  a  diabetometer 
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to  determine  Ihe  amount  of  sugar  io  the  urine  of  suffeiors 
from  (iiabt'tes. 

368.  M&gnetio  RotfttioiL  of  the  Plane  of  PoUrizatioa 
(Faraday,  184fi). — Let  a  piece  (g)  of  FarRday's  "  hpary 
gi««"  (!«ilicioim  Ic-atl  borate),  or  a  tulw  Blletl  with  (wiUm 
tlixutpliido  and  t;lurioil  at  the  endii  with  plane  gloss  plat<>tf(  be 
brought  between  two  mosees  of  iron  which  form  the  poles  of  a 
powerful  eleetromagnot,  and  which  are  bored  lhr<m<»li  along 
tho  connecting  line  of  thu  p«>lu8  in  the  dire<(!tiou,  ad  (Fig.  4 17) 

for  convenience  in  ob- 
aerring.  When  a  ray  of 
light,  which  hafl  been 
previously  polarized  at  d 
ET    ■  ,»■'-  _.-  'iljfiJM   by  a   Jiiool's   priBm.  is 

sent  through  the  glass, 
or  the  tnbe,  no  light 
oan  he  seen  throngh  a 
second  Nirol's  prisni  at  a,  vhmc  princifial  section  is  ptTpen- 
diciilar  tu  that  of  tho  fin^t,  m  long  as  the  electromagnet  la 
not  encrgii!«d.  liut  when  a  gaJvanic  current  is  sent  through 
its  coil,  and  tho  electromagnet  is  energized,  the  field  of  view 
becomes  bright,  and  the  N'icol  at  a  must  be  ntluteil  through 
a  certain  angle  to  extinguish  the  light.  The  plane  of  vibration 
of  the  ray  polarized  by  the  glass,  under  the  iulluouce  uf  the 
magnet,  has  conse()uently  snffered  a  rotation  et^oal  to  tliat  by 
wbinb  the  Nicol  must  hi-  turned  to  produce  darknees.  Tbo 
rotation  is  shown  still  more  plainly  by  tli(>  nnlik<>  colouration 
of  tlie  two  portions  of  a  Soleil's  double  plate  (367).  The  Buoe 
effect  may  be  produced  without  a  magnet  by  mnrely  surround- 
ing the  piece  of  glass  with  windings  of  wire  and  paeeting 
through  ihcm  a  strong  galvanic  current.  The  rotation  will  be 
foand  to  oc«ur  in  the  direction  in  which  the  corrent  tnvarfles 
the  nire.  All  transparent  bodies,  including  gases,  exhibit  tliis 
property,  though  in  a  lower  degree  than  Faraday's  glass. 
The  magnetie  rutatiim  \s  pnipurtiuuul  to  the  com{Kment  in  tbe 
direction  uf  the  Iiue»t  of  force  uf  the  length  of  the  path  of  tbe 
ray  in  the  field,  uud  also  to  the  strength  of  the  field.  It 
increases  also  with  the  refrangibiiity,  as  is  tho  case  vith  natui&l 
totAtion. 
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The  plane  of  polarization  is  also  rotated  when  the  poiariaxl 
ray  Is  reflected  fmni  the  siulace  of  a  magnetic  jHile  (Kerr). 

36S.  Other  Besemblancea  of  Electrical  and  LnmiaouB 
Phenomena.  — TranspBrent,  nonconducting  (dielectric)  bodiesi 
3th  solid  and  li<|ui<l,  when  pla««d  betneeu  two  oppositely 
'«lectrified  jjoles,  become  double  refracting  (Ken.  1876),  as  wil! 
be  seen  from  the  following  exporiment.  Two  metal  Jipherea 
'Coonected  with  the  electrodes  of  an  inductor,  are  placed  in  a 
horizontal  line  in  a  gla&s  trough  having  parallul  walU,  and  filled 
with  carbon  diaulphidc.  A  ray  of  light,  pokriijcd  by  a  Nicol, 
with  lift  plane  of  vibration  inclined  at  45~  to  the  horizimtal.  is 
passed  between  the  spheres.  .So  long  as  the  two  spheres  remain 
uneleetritied  this  ray  will  be  cxtiuguished  by  a  second  NicoK 
ijnboee  plane  uf  vibration  is  crossed  with  that  of  the  tirst.  But 
whoD  the  apparatus  in  put  in  o{)eratit>n,  the  itpat-eH  between  the 
spheres  again  appear  bright  U|xin  a  screen  agaiiuit  which  the 
image  of  the  trough  is  prnjected  by  a  lens.  The  reason  for 
this  in  that  the  vibmtionK  fnnu  the  polarizing  N'icol  arc  retiolvecl 
pamllel  and  perpendicularly  to  the  conttecting  line  of  the 
poica,  as  occurs  with  glastt  when  it  is  compressed  or  stretched 
in  this  direction. 

If  the  spherical  electrodes  of  a  tiparking  inductor,  or 
of  an  influence  mucliine,  are  wparated  so  far  that  no  sparks 
pass,  discharges  will  uccur  immediately  on  illuuiiuating  the 
negative  electrode  by  light,  such  as  the  otcutric  arc  light,  ur  the 
magnesium  light,  which  is  rich  in  wares  of  short  wave-length, 
and  especially  in  ultra-violet  rays  (llertx,  1887).  This  ligiU 
^ettrical  discbarge,  in  which  a  negatively  charged  eouduetor 
rapidly  loses  it«  charge  when  illuminated  with  the  more 
rcfiaugible  rays  and  the  |>oaitive  conducUtr  does  so  only 
gradually,  is  sh<iWQ  by  the  following  experiment  (given  by 
El!<ter  and  Oeitel).  .\  nidi*  glasK  tulw,  tenninnting  iu  bullis 
and  almost  iH)nipU't<-ly  exhausted  of  air,  contains  u  little  mer- 
cury, in  which  »ndiim3  i^t  iliewilved  (sodium  amalgam).  The 
amalgam  which,  Lc-furo  tbi-  ox{>erimcnt  wua  iu  the  blackened 
btilb,  Ls  transferred  into  the  other  bulb  by  inclining  the  tube. 
The  latter  ia  transparent.  The  tube  is  thun  clamped  horizon- 
tatty,  so  that  the  platinum  electrodes  which  are  fused  into  it 


634 


SXPaillMElfTAL  pnrsiOB, 


lie,  the  one  atx»ve  and  the  other  bi-low.  The  lower  electrmle, 
which  in  cj)afceil  with  th<t  amalgam,  is  connected  by  wires  with 
a  gr>Iii-Icaf  eleutrowjope  au<l  with  the  negfttiv©  electrode  of  a 
Zauilx-ni'a  pile;  while  the  upi>er  electrode  is  (x)nne<jted  either 
with  the  positive  pole  of  the  pile,  or  directly  with  the  ground. 
The  amalgam,  and  the  oleetroseope  connected  with  it,  are  then 
ohargi?(l  with  uegntive  elcclncity,  and  the  gold  leaves)  direrge 
8o  long  as  the  transparent  bulb  is  shaded.  But  they  eollapee 
immediately  nhcn  the  umalgani  surt'oco  is  illuminftteil  with 
electrir,  or  solar  light,  or  even  with  bright  daylight,  to  diverge 
again,  koweTor,  bo  soon  as  the  bnib  ia  shaded. 

Sines  the  illnniination  causes,  or,  rather,  accelerates  the 
paasa^  of  the  negative  electrieity  from  a  conductor,  an  in- 
sujftletl  mielwtrified  conduetur  must  become  positively  charged 
when  illuminated  with  rays  of  high  refrangibility  <light 
electrical  excitation). 

370.  Electrical  Vibrationa — Electro-magnetic  Theory  of  Light. 
— Afl  haa  been  mentioned  above  ilSS),  the  discharge  of  a 
eondensier,  e.g.  of  a  Leyden  jar,  is  oanllatory  in  ita  chametflr, 
i.«,  it  takes  place  through  the  ageney  of  eleetrieai  vSiraiioM, 
The  ele<rtricity  flowing  at  the  leginning  of  the  discbarge  from 
the  one  coating  to  the  other,  awakens,  by  self-itiduction  (2<H) 
in  the  circuit  itttelf,  un  oppiiitite  extra-curmul,  which  charges 
the  coodenaer  opptisitely,  and  thereby  causes  a  renewed  dja- 
cbarge  in  the  opposite  direction,  wliich  action  is  t«peat«d 
iudeliuilely.  Thin  action  takes  jilaca  very  rapidly,  »o  that  in 
the  tiLurt  duration  of  a  K]>ark  discliargf,  a  large  number  of 
such  uscillati(iii:t  to  and  fro,  or  of  elertrical  vil)rationi<i,  follow 
each  other  witli  dimiuiKhing  intouiiity.  The  duration  of  a 
vibration,  t «.  the  time  (T)  of  an  oscillation  to  and  fro,  depends 
upon  the  capacity  (C),  and  upon  the  coefBeient  of  aolf-induction 
(L)  of  the  circuit  (T  =  ^TrV't'L).  A  sparking  inductor  may 
be  used  to  produoe  uuch  vibrattong,  by  connecting  its  electrodes 
through  slender  wires  with  two  bra^  bars  facing  each  other  in 
a  straight  lino  {i.e.  with  the  "primary  conductor "X  between 
the  bulbed  ends  of  which  the  sparks  pass.  The  cafjacity  of 
the  bars  may  be  augmented  by  connecting  them  Mitb  luetidlio 
sorfaoea.      In   thift  way  vibrations  may  be  obtained   whose 
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duration  anioiinlc  to  unly  a  four  hundred-milUonths  of  a  second. 
Theao  induce  likewise,  iu  a  second  closed  conductor,  electrical 
vibrations,  wliose  existence  is  revealed  by  the  passage  of  a 
curront  »f  small  sparks,  vrheii  this  "secondary'  conductor"  is 
brtikon  by  a  thin  layer  <»f  air.  When,  the  primary  conductor  is 
pl«ced  against  a  luotal  wall,  the  secondary,  iu  the  immediate 
neigh bourliuod  of  the  wall,  shows  no  spark.  But,  when  reniitr©*! 
from  the  wall  toward  the  primarv  conductor,  sparks  occur, 
and  attain  their  g:re8lept  vigour  at  a  definite  distance. 
Beyond  this  distance,  the  sparks  gradually  diminish  in  intensity, 
and  disappear  completely  at  double  the  distance,  then  rise 
tn  a  second  maximum  at  three  times  the  distance,  and  so  on. 
The  experiment  shows  that  the  inducing  action  is  pnipagated 
throug'h  space  in  waves,  and,  con.sc<^ueiitiy. that  time  w  iwnsumtnl 
in  the  propAgatiou ;  otheni'ii»«,  it  would  be  imximprehenKibKr 
that,  between  the  wall  and  the  primary  conductor,  both  the 
incident  and  the  reflected  waves  c^-tdd  produce  by  interference 
a  eouditioii  with  nodes  and  regularly  alternating  antimxies, 
in  s  word,  a  Hlationary  wave  oiotiou.  Since  the  half  wave- 
length is  the  di»<tance  heiweea  two  a<ljacent  nodes  (a  fen- 
centimeters  1m  auvcral  uietent).  and  the  duratiim  of  ribmlion 
(consequently  also  the  freituency),  may  be  computed  ^m  the 
dimensions  of  tlie  j)riman,-  conductor,  the  vekicity  of  propagft- 
tioD  readily  results  as  the  product  of  nave-length  into  frequency, 
and  eipials  3()0,(K>0  km.  Tlie  vehM'ily  of  prajiegation  of  these 
"  rayg  uf  electrical  force"  is.  therefore,  equal  to  that  of  light 
rays' (Hertz.  1888). 

Let  the  primary  conductor  Iw  now  brought  into  a  position, 
such  that  the  direction  of  its  length  lies  in  the  eauMtic  ciirre 
of  a  lar^e  cylindrical  wncave  mirror  of  sheet  stinc.  Jloroover, 
let  the  inductor  Ikj  placed  l>(>hind  the  mirror,  and  the  conducting^ 
wires  jwkk  insulated  tlintugh  it.4  walls.  The  rectilinear  secondary 
conductor  is  now  brought  into  the  caustic  cnrre  of  a  second 
equal  couunvo  mirror,  so  that  the  two  wires  loading  to  the 
place  of  the  ^parU  pas.s  iusulated  through  the  mirror.  The 
8]mrk  is  produced  behind  the  mimtr  for  the  Kakf  of  conrenieut 
observation.  If  the  two  mirron;  exactly  face  each  other  (at 
a  distance  of  O-lO  ul),  small  sjiarks  are  wen  to  pass  a  sphere 
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and  ft  {mint  at  the  breikkiDf^  ])i)iitt  of  tbe  oeoondary  conductor 
between.  The  t^patkH  iiiimediutdy  ceaiw  wbeu  tb^  second 
inirror  is  tiU^blly  diHjitsced  to  oue  aida  Heuca  it  foUu\v8  tliat 
electrical  rays  emitted  by  a  primary  condootor  are  reflected 
])a7a1Iel  to  one  anutber,  exactly  as  are  ray»  of  light,  by  the  finit 
mirror  and  are  collected  in  tlie  caiiatic  of  the  second,  when 
(he  optical  axes  of  the  mirrors  coiniMde.  The  ajtarking 
also  L'wuies  when  a  wrreeu  *»f  cunductm|>  material  is  brought 
between  the  facing  mirroK.  Noncooductiug  (dielecliic)  bwlies, 
oa  the  contrary,  do  nut  stop  the  passage  of  tbe  rays.  They 
(lass  directly  through  a  wooden  wall,  or  door. 

The  occurrence  of  the  small  spark?  may  be  oxhibitod  to 
a  wider  circle  of  spectators  as  follows  (Boltzmami).  The  ball 
of  tbti  Keciiudary  s|iarkiiig-]Miint  \^  connected  with  a  g^dd-leaf 
electroscope,  and  the  point  with  oue  [H>le  of  a  /amboni'a  pile, 
tbe  other  pole  of  which  is  connected  with  tbe  earth.  80  long  as' 
no  sparks  paas,  the  electro6coi>d  remains  unclinrged.  Instantly 
the  sparks  begin  to  appear,  howorer,  they  term 
a  conducting  bridge  between  ball  and  point,  and 
the  gold  leuven  diverge.  Zebnder's  nietbod  wa« 
lo  place  tbe  sparking  point  of  tbe  secondary 
conibK^tor  betweeif  two  electrodes,  U|  and  111 
(Fig.  418),  lying  near  each  other  in  a  Geihder 
lul*  and  nearer  the  negative,  K,  of  the  two 
principal  electrodes,  A  and  K,  which  also  project 
iiitii  the  tube.  These  are  connected  with  the 
pules  of  an  accumulator  of  (iOO  elements,  whoae 
potential  It  so  regulated  that  the  current  nf  the  accumulator 
yiaiwe*.  and  the  tnbe  lightji  up,  only  when  sparks  appear 
between  11,  and  Hj,  and  thereby  diminish  the  resistance  of 
the  gas. 

That  the  electric  rays  are  formed  of  tranarerse  vibratioiu 
parallel  to  the  leuglh  of  the  primary  conductor,  and,  actnird* 
iugly.  in  an  <jptical  sense,  are  reciUiuearly  polarized,  is  at  once 
evident  from  the  manner  of  their  origin.  Special  proof  is  also 
furnished  by  the  following  experiment*! ;  Tiiming  the  receiving 
mirror  about  a  beam  of  rays  m  axis  nntil  its  caustic  is  per- 
pendicular to  that  of  the  former,  the  secondary  uparks  grow 
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grAcIiiully  weaker,  and  riuiish  conijiletely  in  the  crossed  iKiailioii. 
The  mimirs  are,  therefore,  related  (o  each  uther  as  polarizer 
and  ftualyzor.  Fiirtherninre.  let  a  wood<?n  fraine,  with  perallel 
wijiper  wires  stret-cheil  acrt-su  it,  be  placetl  perpend icnlftrlv  to 
the  lieain  hclweoii  the  mirrors,  whose  caustics  are  parallel 
ti)  eat-h  other.  AVhon  the  wires  lie  peritendiciilarly  to  the 
c-uiiNtirB.  the  frame  works  pratiieally  au  detriment  to  the 
passage?  (if  the  aernnilary  sparks,  but,  when  its  wires  are  mrallel 
to  the  (laiistir,  the  rays  are  runiidetely  i|tieuchod.  The  wire 
screen  has  then  an  influence  upon  these  rays  similar  tn  that  of 
a  toiiminliiio  plate  \i\xfa  a  recti  linearly  |K>larized  ray  of  light. 

To  prove  that  the  electricnl  rays  are  refracted  on  passing 
from  air  into  another  dielectric.  HertK  placed  a  largr*  pri^tm 
of  hard  pitch  (l-5  m.  in  height,  6(K)  kg,  in  weight)  between 
the  mirntrs.  The  second  mirrnr  then  had  tr>  be  turned  lateralljr 
intu  a  detiiiite  position,  to  pT«xtuce  seoond&ry  tiparkn,  whence 
it  follows  that  the  electrical  beam  of  rays  from  the  first  min\)r 
was  delleeted  by  the  prism. 

The  "rays  of  electrical  furee"  follow,  then,  the  same  laws 
nf  pTtipaitatiun,  reflection,  and  refraction  as  do  light  rays.  The 
hypothesis  is,  thercfon.-,  iitiu  voidable,  that  both  are  to  be 
regarded  as  motions  of  one  and  the  same  nit-diiim.  whether 
tiiat  nie-Hnm  l»e  termed  "ether"  or  not.  Electrical  rays  may 
be  said  to  be  light  rays  of  very  great  wate-luiigth,  or  thaC 
light  rays  are  electrical  rays  of  very  short  lengths,  which  ia 
Xhit  view  taken  by  JlfcrWrs  eUctromagnette  theory  of  liifhi. 
The  remarkable  relationship  resulting  from  Maxwell's  theory. 
tltat  for  transjiarent  nonconductors  the  didtetrtc  consUint  equdia 
th^  eqv<ire  of  thit  tn-ltx  of  refraction,  has  been  experimentally 
veriJied  in  numeniutt  caHeg. 

STL  The  Eye. — ^Tbe  human  eye  la  enveloped  by  a  firm, 
tough  membrane  (sclerotica],  commonly  called  the  ''white  of 
the  eye."  In  I'ruutuf  the  bull  of  Iheeye  is  a  round,  transparent 
window,  rewiinbling  a  small  watch-glass,  and  called  the  eomea. 
Behind  the  cornea  is  the  ms,  the  c<doiired  part  of  the  eye. 
stretched  like  a.  curtain,  and  having  at  ita  centre  a  dork, 
circular  aperture,  catted  the  pupU.  Through  the  pupil,  the 
light  is  admitted  into  the  eye.    Close  behind  the  pupil,  is  a 
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lens  oompcwed  of  sereiBl  irftnRparent  layers,  called  tbe  ittysl4ti- 
iitie  lent,  dd  (Pig.  419).  The  anitrier  diamher,  hounded  hf  the 
rotiua  and  the  crystalline  lens,  in  tilled  with  a  traQspareut 
a^ufous  humour,  aud  the  larger,  f>aiteri6r  duimber,  coDlains  a 
!niii»|iareut  mass,  rt!«eml»liii^  the  white  uf  nii  «gg,  the  so-called 
j,jj  vitreous  kumoitr,  nr  vitrcom  hotly.  The 
luner  wrII  of  the  [MWtenur  chanilier  has  a 
double  Cufttiag,  lht>  chorvid,  lying  next 
vithiQ  the  Bc-Iorotica,  and  above  this  the 
retina,  the  latter  boiag  merely  a  eon- 
tiuiiatiou  of  the  optie  name.  Where  the 
optic  uerve  enters  th«  retina,  the  latter 
is  insensitive  (o  light,  and  tbU  place  U. 
therefore,  termed  the  Uind  spot  {puruntum 
emwm).  The  a<.'tioD  of  the  eye  i^  similar 
to  that  of  a  small  eamera  obsciira.  The 
crystalline  lens  forms  upon  the  retina, 
small  inverted  images,  ab,  of  external 
objects,  AB.  These  images  are  for  a  brief 
time  fixed  pbotoK>^pbicaUy^  by  the  de- 
compoging  action  of  this  light,  upon  tbe 
vitwU  purple,  or  rkodop$in  <BoU,  Kuehne, 
1876),  a  piirjile  ctloHring  matter,  w>ver- 
ing  the  letino,  nnd  readily  bleached  by 
light.  Thotie  images,  hou'ever,  soon  dis- 
appear because  thi«  colouring  matter  is 
renewed  rapidly  from  the  eirculation  of 
the  blood.  Tbe  stimulus  prodnceil  by 
this  image  u  tranamittecl  by  the  optic 
nerve  to  tbe  brain,  the  seat  of  conscious 
II69S.  The  yeUoK  spot  lie«  almost  at  the  centre  of  tbe  retina, 
and  in  the  middle  of  this  is  a  depression  called  the  fovea 
eftUralU.  Only  that  portion  of  the  retinal  image  which 
fallii  upon  the  yellow  cpot  is  sharply  defined.  AU  other 
portiunn  are  «een  mure  imlistinctly  the  farther  they  lie  from 
the  fovea  centralis,  llie  line  connecting  the  fovea  with  the 
centre  of  the  cornea  is  t^Jled  the  aseit  0/  the  vtfs  {vintal  tunt). 
Id  order  llut  tbe  image  of  a  point  shall  fall  UfK)n  the  yellow 
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spot,  anil,  ftoeonlingly,  be  distioetly  seen,  the  axis  of  the  eye, 
or  the  line  of  sight,  muRt  be  directed  towarrl  the  point.  Every 
straight  liiift,  nA,  fcB,  couiiectinp^  a  point  of  the  ima^o  with 
the  curresiwiniling  point  oi  the  ubject,  is  called  a  liiie  of  dirtx- 
tion.  All  liacs  of  direction  inteitiect  at  a  point  \L\ion  the  axis 
of  the  eye  lying  close  in  front  of  th«  back  surfaeo  uf  the 
crystalline  lens,  crognfitj-jmnt,  in  whieh  the  principal  points 
anil  aud&H  at  ihe  lenii-eyiildui,  formed  hy  the  refracting  media 
uf  the  eye.  almost  coincide.  The  uugle  formed  by  the  lines  of 
dirt-ctidu  drawn  from  t  lie  external  points,  A  and  U.  of  the  object 
i»  called  the  vimial  angle.  By  means  of  it  the  size  of  the 
retinal  image,  and.  accordingly,  also  the  apparent  size  of  the 
object,  lire  judged. 

S7I!.  Th*  B*diMed  Efa,— Accordir^  ta  I.inting;  (1845),  t)ie  ma)  oy*,  lo  for 
*WBdWllflfty|BP^  ""'7  ''*  "^<l^^  ^  "  "'"kIo  lYfracbng  «iirfnco,'linvini;  t. 
.«MninnWVBMt^w  of  1*34  and  «  radium  uf  ciirvnRm  or  &"J!  iiiiii.  Th« 
vertex  or  Ifeo  curftee  mutt  llo  1*3  mm.  b«bmd  the  vertei  of  iho  ccrocfc.  Its 
moond  hai]  tlUlancu  {Lli«  distAnoe  of  tti«  centre  of  the  rcliiia  from  Uio  V(t1«x 
of  tho  Hur&oe)  uuhL  be  20-1  mm.,  utd  th«  firat  r«CD]  disUnce  1&-2  sua.  Th« 
contn  of  carvBlure  of  tliis  t«4l<ic<d  ejre  very  aewty  coincidi!*  with  iitt  crostug- 
point  of  Hie  tiijk  in  thu  real  tyv. 

373.  Aooonunodation, — A  normal  (emmetropio)  eye  is  so  oon- 
structcd  that,  in  a  slate  of  repose,  the  images  of  very  remote 
objects  {jf.g,  of  the  n&rg)  are  priMliicod  upon  the  r«tina  But 
through  the  action  of  a  certain  miiMile  of  the  eye  the  crystalline 
leus  may  be  more  sharply  cnrved  and  pushed  slightly  forward, 
so  as  tr>  aecommoditttt  the  eye  U'  smaller  distances.  The  nearest 
point  for  which  this  accommodation  is  possible  is  about  10  to 
15  cm.  from  the  eye,  and  it  is  called  the  nearest  p<nat  c/dittinet 
vmcn.  In  a  shovi-nghtfd  {myopic)  eye  tho  axis  of  tho  ball  is  too 
long  from  tho  front  ta  the  rear.  Bays  coming  from  a  remote 
point  unite  in  front  of  the  retina,  and  produce  upon  the  latter 
n  blnrred  i!i.<iperHi<in  circle,  instcwl  of  a  distinct  punctual  image. 
The  longest  distancoi'.ix  «hji'hs«chan  oyocan  acciininioilatc  itself 
is  called  its  greatest  dittancc  of  diHinet  vi$ion.  Eyes  whose  axes 
are  too  abort  from  front  t^i  rear  are  lo»g-nghted  (hyperm^ropie). 
Thoy  focus  thi-  ray»  from  distaul  {luintii  behind  the  retina, 
and  produce,  therefore,  apoa  it,  a  circle  of  disiiemion.  They 
are,  however,  capable  of  fucuasing  a  ixtarergeut  beam  upon  the 
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retina.  All  these  ditticulties  are  removed,  or  <»mponsat«d,  by 
meanK  of  tpeetaclei.  By  the  tiite  of  a  ixiiiraive  lenH,  nhicli  spreads 
out  the  rays,  the  sbdrt-sigbtt-d  L-yu  Is  remlcrwl  eaiiahlu  nf  (We- 
iiig  at  a  distaoce.  The  luu^-»ighted  eye  rei:|iiires  fur  distinct 
vision,  at  a  short  diataoce,  a  convex  ietis  which  converges  the 
rays.  In  old  age  uJl  t>yeii  may  \me  the  [xiwer  of  adaptation  ior 
iieur  ubjoutii  by  retaxatiou  ut'  thu  mutMdes  and  liBtuuie  Jar- 
tiffhted  {pr&An/oftie),  so  tliat  even  a  normal  eye  then  requires 
a  convex  lens  fur  vision  at  a  short  distance.  The  distanm 
between  the  nearest  and  I'nrthust  |K>ints  of  distinr-t  vision  (the 
latter  with  a  normal  uyo  lie«  at  an  intinitc  dis- 
tauL'e)  is  called  the  range  of  aceommodatuM. 
Within  this  rai\ge  lies  the  paint  whose  distance 
from  the  eye  is  called  the  distafi^e  of  distinei 
vision.  Hy  tbn  latter  is  meant  the  distance  at 
whicih  ordinary  typo  can  be  read  nmst  t-ouveni- 
Dutly.  It  is  about  tnutitytive  cm.  for  the  uonnal 
oyo.  To  ascertain  the  limits  of  distinct  vision, 
let  one  end  of  a  white  thread  bo  fastened  above 
to  a  blat^Ie  bai^kgroimd,  and  the  other  end  bo 
placed  against  the  lower  eyelid,  while  the  eye 
looks  alon;;  the  slrotchod  thread.  The  eyo  will 
SCO  the  lliread  in  the  form.  A  or  B  (Tig.  420), 
(R-cording  0.-1  it  is  short,  or  long-sighted.  At  0  the 
thread  apjwATs  bri^adest  and  quite  indi-ninct, 
ta|«rs  then  to  the  ]K>tnt,  a,  wbid)  may  be  easily 

*■      uidicated    with  the  finger,  where   il    is  smallest 
^  ij     and    most   distinct.     With   short-sigh tednesa,  it 

fi8. 420.—      nins  fnim  a  (m.-areat  point  of  distinct  vision)  to 
UfluaKment    «'  (farthest  point  of  distiut-t  vision)  slender  and 
DirtinptViaion.  dislmct  (A).     For  a  liing-sighied  eye,  however, 
it  continneR  slender  and  distinct  from  a,  entirely 

to  the  end  (Ohm). 

Whon  a  slender  object,  as,  for  example,  a  pin.  is  observed 
throngb  two  small  apertnres,  at  a  distunro  Icsa  than  the 
diameter  of  the  pupil,  it  upiieiirs  single,  only  in  ca;*  the  eye  is 
arcommoduted  to  it.  It  ap]>eArs  double  at  all  other  distanoes, 
becautie  the  beams   passing  through   the  a]tertureH  intersect 
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in  front  of,  ur  b«lim<l,  tbc  rettiut  (ticb«mer,  HID).  This 
eKj)oriinoiit  may  bo  porfdrnio'l  objoctivoly  by  mwiis  of  a  leiis, 
in  fruQl  ijf  nhioli  twt*  slits  arc  pliuwtl. 

374.  Binocular  Tision. — To  see  a  point  tiitffty  with  both  eyes. 
it  U  iiocewary  that  the  linos  passing  from  it  thrmigh  the  nodes* 
iff  the  eyus  shall  uioat  either  the  yellow  spot  itself,  or  cor- 
r«6pQ}tdin0  imiiU  of  the  t^u  retinas,  i.e,  points  Eituat«<l  equally 
diiitaut  from  the  yoltow  spoU  and  on  the  same  eide  of  it. 
Binucuhu-  viuiou  vor}'  uiatertally  assists  the  judgments  uf 
rision  of  uear  objects.  With  the  right  eye  we  see  u  near 
objet^t  against  a  ilitTerent  part  of  the  hackground  from  thai 
against  vrhich  the  left  eye  projects  the  objects  and  these  points 
drew  more  closely  toffether  the  farther  the  object  is  from  the 
«ye.  liy  k-ng  expwrieiice  w«  learn  lo  judge  of  the  'Ustance  of 
BQ  objetTt  uiiL-oUBfi<>i]uly  from  the  distauce  between  these  [Mjints 
oi  projection.  For  example,  it  is  quite  difficult  to  thread  a 
needle,  or  to  touch  the  upivanlly-clirected  tip  of  the  index 
&iger  of  the  one  haiud  held  at  am)'»  length  with  the  downwanlly 
directed  tij)  of  the  other  index  finger  from  above,  when  one  of 
iho  eyes  is  olosed.  Both  of  tlie  difficulties  disappear,  however, 
when  bnth  eyes  nre  i>j»en. 

375.  Stereoscope. — BiuoeiUar  vision  has  die  furlhHr  advantage 
of  BUabliug  lis  to  jieroeive  <  >bjects  t\»  e:(tendcd  Ixxlie^  and  not  as 
»nrfaco3,   as  is  the  oase  with  iimnut-ular 

vision.  With  the  right  eye,  an  extended 
object  {e.g.  a  trnncale«l  pyramid,  Kig.  Vil) 
iaseeo  Kuiuewhut  moro  t*r»iu  tht.-  right  (It), 
and  with  the  left,  a  little  mors  £rom  the 
left  side  (L).  Uy  making  these  image« 
fiifle  iu  con^ciouaneRS  into  a  single  im- 
preesivQ,  we  obtain  the  impression  of 
tho  oxieadedness  of  the  object.  If  now,  a  plani*  drawing  of 
a  body  is  presented  to  each  eve  as  thf  objet-t  wrmld  have  been 
Imaged  npon  the  reltna.  and  the  images  of  the  drawings  are 
made  to  fail  ii})oii  t'orn^pimding  jihu%»  of  tht*  rt'tiiuLs.  the  two 
imprcikiious  must  cooibiuv  into  Iho  single  compo&ite  imprcssiou, 
which  wonM  be  produced  by  the  object  itself,  when  viewed 
immodiatetv,  and  with  Iwlh  eyes.    Wbeot«tone  combined  the«e 

2  T 


A 

Fm.  ISl.  — BtanMOHiie 
IiMKM  oi  »  Tnincftt«d 
Pjrrunld. 


61£ 


EXPEBIMENTAL  PHTStCS. 


images  by  means  of  a  rejecting  stereoscope  (Fig.  422).  1'hia 
ooD«ists  of  twoininorB,ai  and  ac,  placed  at  right  angles  (o  eacli 
«>tbi-r.  Tho  observer  tookd  with  the  left  eye,  /,  in^>  the  f<»mer, 
aiid  with  the  right  eyo,  r,  iuU>  tho  Utter  mirror.  Tlio  drawings 
ui  thf  object  for  the  left  aud  tho  right  eye  respectively  are  placi-tl 
at  the  gidee,  d  and  e.  The  rays  proceeding  ti'om  eorrespondii^ 
IHiiiits  of  tho  drawings  are  now  reHectol  by  t)ie  mirrors  bo  as  to 
m&k6thQiiiap|>&iLr  to  omanato  from  a  sitij^Ie  p<»ittt,  m,  behind  tite 
niirron.  Tho  rays  t'ftlt  upon  currespuudiug  placod  of  tho  retitiM, 
ami  the  observer  receives  the  iiupression  of  au  exlcuded  body 
sihuited  at  m.  A  more  Ofmveiiieiit.snd  therefore  more  eiteosively 
used,  itistnimoiit  'w-ihc  Bracster  rc/nirii'ii<7Jterco»«y«(Kig.  423J, 
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The  two  halves  of  letiKeK,  A  aud  B.  are  tiinied  nith  their  thick 
end)>:  initwnrd  and  faiiteued  iu  tJie  upper  surface  of  a  snuiU 
casing,  at  the  bottom  of  which  are  plaveil  the  two  riswe,  oa* 
Olid  W,  of  the  sujiie  object,  moauted  beeiide  each  other  npon  % 
card.  These  views  are  obtained  by  plioiographiug  the  object 
frntti  two  different  jmsitious,  the  eamora  obsi/iira  jilaying  in  one 
position  the  n')le  of  the  left  eye,  and  iu  the  other,  that  of  the 
right.  It  is  evident  from  the  figure  that  the  refraction  of 
tlie  light  iu  tlie  half  leuee^  brings  the  two  rieu's  to  overlap  and 
melt  intti  a  aiugle  iiupreasion.  By  the  aid  of  photography,  the 
^ereosaipc    IB  capable  of   reproducing  to  the  eye,  stattiee, 
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tiHiniuiients,  and  views  of  rariuus  kimlN  vrith  romftrkalilo  tnitli 
tn  QAtiire. 

376.  Fersisteaee  of  B«tina]  Impranloiu. — Thr^  [inKJuctuii)  ol' 
II  liimiiiims  HOu^tiuti  iu  tin;  i;yo  riM|ilirus  tiinu  l«ttb  to  form  luid 
to  iliaapi«ar  {about  f  of  a  second).  A  flying  musket-ball  is 
not  K«Hii.  A  flowing  n])liDter  swiin^  iu  a.  circlu  \\».»  tlic 
tLppeamiiiiM  of  a  nlcMed  i^irole  t>f  tira.  The  spukin-i  f>r  a  rapidly 
ri'volvbi^  wiieel  cauuut  be  diHtiu^iiiiiherl,  anJ  the  HUrfatv  of  a 
disk  pftiutL-d  with  ultemately  black  oud  white  f((»rt«ir8,  apiioars 
iiuil'itrmly  ^rey.when  rotated  rapidly  ii|Hin  afeutrifiigaliiiat.'liiiK''. 
When  the  sectors  are  painted  with  coUtura  TesemWinn  aa  clnp«iy 
nM  )HjiwiUe  the  ai»eflml  colours,  the  disk  api»eiips  uf  a  <:n?yiKh- 
Ahite  CLdnur  when  rotated  rapidlj,  BiDce  all  cohuir-uii|ire.siii(>nK 
mix  at  each  point  of  the  image  on  the  retina  {colmiv-disk).  If  a 
iliali  be  tTkirled  rapidly  by  means  of  two  curds  attached  at  two 
diametri tally  opposite  pointa  of  its  circumference  about  this 
iliameter  so  that  the  sides  are  pre«eut(*d  alternately  to  view, 
dia»'inj*H  upon  both  sides  are  seen  simultanonnsly.  For  example, 
if  uiKin  one  side  a  dark  band  is 
ilntn  1)  iu  the  direction  of  the  cord, 
tvud  upon  the  other  a  similar  bnad 
l>er))eud)<.-ularly  to  the  cord,  a 
black  (.TOSS  uilL  be  seen;  or  if 
ii|Hm  one  side  a  bird  is  )HLinte>], 
and  a  cage  npon  the  other  when 
the  diik  k  rapidly  rotated,  the 
Itird  ft|»pears  to    be   iu   the  cage 

377.  The  Strebosoope  (pha^iia- 
kiHt(iw!0)>e,  phantoscope)  consists 
uf  a  disk  of  pasteboard  (i'^ig.  424) 
tbrungh  the  circ^umferencc  of  which 
II  muul>er  of  holes,  e.y.  twelve,  are 
cut.  Upon  this  a  second  smaller 
disk  is  fastened,  up«tn  which  an 
object,  e.g.  a  pendnliiiii,  is  iiainteil  in  as  nurny  sutx'e«siye  poMitions 
A8  there  are  holen.  When  thitt  disk  iti  turned  with  its  painted 
Hurfuce  toward  a  mirror,  on  looking  thmu^h  one  of  the  0])eitin^ 
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FiO.  423,— SlroboMotiio 
axis.      At  its  to]) 


(e.y.  the  uppermost)  iuto  tlie  mirror,  trhile  tbe  ditik  is  nfHilly 
rotatecl,  one  imo^  after  anotlier  is  seen  as  the  apertnrefl  pflM 
Eiuoce8siT«Iy  before  the  eye,  and  each  succeeding  fanajje  follow* 
BO  <|iUL-kJy  after  the  pre^-uding,  that  llie  uupreusiou  ]>rotliieeil 
by  iho  former  porttistd  until  the  foUowiu}^  lakt-s  it«  plaoe. 
These  images  of  the  successive  positions,  pasung  the  one  into 
the  other,  proiliire  beneath  the  upper  openiag  the  appeanuiLie 
of  a  vibrating  iieDdiilum.  Since  each  iDta<;e  of  the  disk  is 
efTaood  by  the  r>no  next  suecooding  it,  not  only  the  nppertnoet 
image,  but  all  the  rest  as  well  seem  to  be  in  ribratiou. 
InasmiK'h  as  wu'h  |iBndiiliim  apparently  passes  its  position  of 
e([ailibrinn)  a  little  later  thu.ii  the  pie*.-«diug,  the  impre»tiou  of 
a  vavelike  motion  pri>{)u^atcd  through  the  niwuf  [Hmtliilitms  is 
produced.  This  pbcnomonou  may  be  made  riJtjble  dintuliA- 
iieonsly  to  a  nnmlxir  of  spet^tatora,  by  eon- 
dennng  a  bright  be-am  of  Ught  (annligbt, 
electrit!,  or  Dnnnmond's  light^  turned 
against  the  bat-k  tiiirface  of  the  disk  by 
iiicnnN  of  a  Ions  njKm  one  uf  the  peripheral 
a])erturM  fti»i  by  reflecting,  then,  the  cum- 
■  if  rays  emerging  from  the  ajwrtare  uixju 
the  front  surface  of  the  dink.  The  ttroh^- 
HWjrpic f (//iW^r  IN  annthpr  fomiof  the  |>h»na- 
kLstowiijiii  {wfieri  o/  ti/e,  soetrojM,  FJp-  _ 
425).  This  cr>nsist«  of  an  o{}en  cylinder.  ■ 
vrhich  can  bo  rotated  aWnt  it«  vertical 
_  J  are  twelve  slits.  Twelve  images  of  tbe 
moving  objects  an'  drawn  upon  a  >;trip  of  {isper  in  twelve  ■ 
comierut ive  [Hxiliiins,  The  slip  of  jmjier  is  then  <H>iIed  within 
tbe  cylinder  beneath  the  tdits  cIohp  against  the  nalL  'i'hix 
ap|UiratiiK  di»|)tin»08  with  thu  mirror,  and  han  the  advantage  of 
allowing  several  persons  to  view  the  figures  at  the  fiame  linte 
through  the  slit^  from  djflercnt  direr'tions.  Not  only  may 
wave  motionH  be  rcpreseutotl  in  this  way,  l>ut  also,  by  the  aid  of 
instantaneous  ](lioto graph y.  the  sum.'etwive  phuses  of  the  more- 
mcuta  (if  men  and  animals :  the  latter  may  lie  reproduced  in 
realistic  form.  thu»  making  the  strolK>sc'ope,  eapeciatly  in  its 
latter  form,  a  favourite  toy. 
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378.  Irradiatioii. — The  apparent  alteration  of  suce  of  brif^ht 
olijects  seen  a,j£aiti};t  a  dark  ^jtoudcI.  or  of  dark  objects  upon  a 
l-riglit  f,'rouiid,  in  called  irradiation.  For  exflm[ile,  the  lunar 
i:re8ceut  upjiears  to  belong  to  a  larj^er  eirole  than  does  the 
jwrtion  of  the  tuoou  rendered  visible  by  the  earth  ihine.  Irrs- 
iliatiun  is  exjilnined  by  the  circnmstAiiL-e  tliat  intense  laminons 
impressions  i^pread  out  upon  the  retintt  beyond  the  potiitioiia  at 
which  thfy  are  directly  formed. 

379.  Psendoscopic  Pheaomena  arisi)  fri  >iii  the  ijividuntary 
il^>eptiun  titlHi.'hiti}^  (o  oyo  osliitmt«w  which  biii^  the  judgtoent 
foneeming  the  forms  and  sizes  ^  ^  ^ , 
ulobjectfi.  The  majority  of  them  '  '"""""" 
are  due  to  preconceired  opimons  ^-  tS^^''iS^„'^  *^ 
formed  unconsciously.  Gradu- 
ated magnitudes  appear  more  extended  than  luip-aduated. 
I)ecaiise  a  greater  extent  ef  space  is  iovolnnturily  dt-niAndt'd  for 
Hit  Kggregation  of  obaerved  indiTiduala  The  ^rnuluateil  half  nf 
tht«  Mtnti^ht  line  (i'ig.  42(5)  for  this  reaijon  appears  tlie  longer, 
mid  of  the  two  equal  siiUBrett  of  Fig.  i'21.  the  one  ruled  verti- 
cally appearif  the  broader,  and  the  horizontally  ruled  one,  the 
higher.  For  tlK<  t«me  reamju,  the  distance  from  the  obser^'er 
l<i  the  horizon  looks  greater  than  that  to  the  zenitli,  antt, 
liuncL',  ive  lu^crilte  to  the  apparent  celestial  ranlt  the  fomi  of  u 


Flo.  427. — n  appettis  too  bniiul : 
h,  mlong. 


Fid.  488.— a  Hman  gnnttci 
thuV. 


(lattene<l  hemisphere.  When  near  the  horizua,  where  numerous 
tentsstrwl  ubjects  intervene,  the  moon  and  aun  seem  more 
remote,  and,  therefore  (since  the  riaual  angle  of  these  bodies 
lenutins  the  Bame),  greater  than  when  near  the  zenith.  Fig.  428 
furnishes  a  simple  example  of  another  aeries  of  pscudoocopio 
pheuoueua.  Of  the  two  e<iUAl  circular  sogmeotn,  the  right,  a, 
Innanl  which  the  upper  and  lower  bi>nndary   lines  cimverge, 
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ii[>pBaro  giMler  thmo  i>,  liecaiise  the  observer  nnroniiciim^ly 
tix|)oct«  a  cont nictUm  timiu'il  this  side,  nnd  lie  is  tlierelir  led 
to  buliuve  tUat  tlio  ligiiro  lyintr  on  this  side  is  (rreiitor  than  \i 
actually  the  case.  This  deception  is  ogain  ropcat«<l  in  the  fleriw 
iif  e(|iiu]  trapexoiiU  l^'ifi-  4'^0),  whose  bases,  a«  ,..fid,  apjwwntly 
increase  frnm  a  lownrtl  £.  Ima^ning  the  stmlght  litipH.  n/i  ami 
ed,  to  tie  ilrau-n.  thcv  ui)pc'ar  to  diverge  in  the  <Iirerti»ii  aJi. 
rt.  ^        although   in    reniity  they    are 

P^  1*^  r>  p--i  p^  ['^   pBrallel.     In  the  inanie  wTiy  iho 
I — ^  U^  U^  U^  U^  L-^  effect  of  Fig.  4;ig  in  explained 

Fin.  ^•ifl.-Ku.-ll   TnqMOioid  r^m  a     (ZwUnw's    iUUBtralionl,    whi.-h 

toward  b  uiipuitn  j^yaitttf  timn  Uic     ig   morely  B  repetitiiwi  of    i''ig. 

f"^^'"^  42;t,    leaVing  out    the    ])ara1lel 

sides  of  the  irftpczuids,  uml  willing  the  straight  lines,  ab  aod  orf. 

Though  thette  lines  are  actually  parallel,  they  appear  tn  diverge 

in  the  direction  towani  vhich  the  rros8  Hoes  converge.    The 

])8euilti!«?«pio  [iheiiouieiia  of  motion  are  allied  with  these.  Looking 

from  a  bridge,  for  example,  into  rapidly 

V  \  */*//   N.  v\    '^"^'^K  »v«ter,  and  then  glancing  at  tin* 
\'\  //  /  v\ V\     ''"^Igs-  *""  "ther  stationary  object,  these 

V  \    A  A  \  A     objects  appear  to  move  in  the  upjKisit*} 
•A  \  A-  //  Os  V\    ilirection.    Oppel's  anIirrheosMptf  way  Iw 

iised  to  produce  this  deception  urtiticinlly. 
The  ap{iareut  lovemuu  of  relief,  esjie- 
nially  ilistinotly  perceptible  irhen  the 
illnniiiiatiim  of  an  object  ia  upposite  !<■ 
uhat  the  observer  mtpposes,  is  al:io  u 
{)8eiidoecopic  pheuomenuu.  A  coin,  for 
example,  looks  like  a  depressed  scaI  when 
the  light  of  the  window  is  screened  a»\»y 

Fir,  <3ci— The  Vertiwii   ^^  '^  "^'^  '*  ^  illuminated  iVom  the 
farallcli)  appear  alter-    opposite  side  bv  a  mirror  not  visible  !■• 

liSiS"'"*'''"  ""*   t*>^  observer.     Under  the  «iine  circiini- 

stADcee  a  cylinder  looks  like  a  trough, 

rt  cigar  like  &  hollow  tol.«oeo  Ie«f,  and  the  lining  of  u  lut 

Hppeary  to  Htand  outside  of  the  hat  {miMttstvuf's  paeudeteepe, 

ijpp^g  atnu/lffj)toetope). 

380.  Perception    of    Colourt.  —  Although    the   elementary 
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colours  are  inilividtuJly  comparable  to  simple  tones,  oiir  mode 
of  perceiving  colours  is  totally  different  from  our  mode  of 
jwreeiving  tones.  "While  in  a  mixture  of  sounds  the  ear 
perceives  its  simple  constituents,  aud  recognizes  sounds  com- 
posed of  different  tones  immediately  as  different,  the  eye 
cannot  distinguish  the  white,  i)roduced,  for  example,  by  mixing 
simple  blue  with  the  comi»lementary  simple  yellow,  from  the 
white  produced  by  three,  or  more,  or  all  of  the  spectral  colours. 
It  is  possible  to  produce  from  three  properly  chosen  simple 
colours,  in  addition  to  white  and  black,  all  perceptions  of  colour 
that  exist,  and  the  mixture  obtained  may  be  again  replaced  by 
a  single  homogeneous  colour  producing  the  same  impression. 
These  facts  have  ted  to  the  hypothesis,  that  the  infinitely 
numerous  rays  of  the  spectrum  are  capable  of  exciting  in  the 
eye  only  a  few  different  colour  jjerceptions.  According  to  the 
theory  of  Young  (1807)  and  Helmholtz  (1867),  the  retina 
contains  three  species  of  neires,  viz.  those  susceptible  to  red. 
gieen,  and  violet,  all  of  which,  in  different  degrees,  are  exciteil 
by  any  homogeneous  light  ray.  According  to  the  theory  of 
Herittg,  the  various  kinds  of  light  are  capable  of  exciting 
three  perception-pairs:  white-black,  red-green,  and  yellow- 
blue,  which  stand  to  each  other  in  such  relations  of  contrariety, 
that,  while  the  white-perception,  for  example,  consumes  a 
certfun  material,  the  black-perception  replaces  it. 
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Bouty,  185 
Boyle,  82 
Bradley,  320 
Breguet,  100 


BrcwBter,  UTS,  .HtiS.  375 
Browning,  344 

Bunsen,  85.  92.  124,  205.  222.  228, 
313.  319,  344 

Cagnard-Latoiir.  292 

Cailletot,  122 

Canton,  71,  157,  194 

Camot,  130 

Carre,  119 

Cartesius,  88,  IKiii 

CarUer,  6G 

Caven^b.  45 

CebiuH,  99 

Cbarles,  88,  103 

Children,  234 

Chladni,  301 

Clamond,  237 

Clark,  Latimer.  222,  221J,  22H 

Clarke,  271 

ClausiuB,  129,  130,  211 

element,  124 

Colladon,  122.  2im 

Colombns,  139 

Comu.  46, 320 

Corti,  312 

Coulomb,  5l>.  144,  158.  I  ('.2 

CrookeB,  270,  348 

CuDKnis.  182 

Curie,  195 

Dalton,  9(), 97,  Iu3.  im.  V'x 
Daniell,  121.  205.  222.  22-s 
Davy,  125,  207.  23*! 
Dellmami,  192 
l>eBCarte8,  88.  32li 
DeBormes,  124 
Despret7.,  125 
Deeprez,  ^[arccl,  27n 
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Uoebereiner,  1'7 

Dolivo-Dobrowolskv,  "J?  6 

Doliond,  342 

Dopplor,  355 

Dove,  292 

Drebbel,  98 

Drummond,  313 

Du  BoiB-Reymond,  19(i,  221,  2«8 

Uubosq,  252 

Dnfay,  153,  180 

Dulong,  2,  82,  101.  124 

Dumas,  120 

Edison,  234,  31 1 
Elater,  3G9 
Engelmann,  349 

Fahrenheit,  66,  99 

Faraday,  109, 108, 174, 180, 185, 193, 

207,  210, 258,  261,  264,  267.  282, 

368 
Fechner,  203 
Fcddersen,  188 
Ferraris,  275 
Fizeau,  320 

Franklin,  161,  182,  184,  193 
Franz,  125,  223 
Frannhofer,  340,  358 
Fresnel,  351,  363,  367 
Foucanit,  42,  252.  278,  320,  354 
Fourier,  309 
FimmejTon,  69 

Galileo,  7,  13,  40,  !I8.  HlVt 

Gnlvani,  196 

liarthc,  255 

Gassiot.  235,  270 

GaularU,  274 

Gau8S,  143,  148,  247,  283,  332 

Guy-LuBsac,  66.  103,  120 

GeiBsler,  85,  270,  344 

Geitel,  369 

GililiB,  274 

Gilbert,  137,  liJO 

Graham.  78,  92 

Gramme,  271 

GntHsmann,  85 

Gray,  151 

Gresory,  335 

(irove,  205,  222,  228 

<iuelclier,  237 

Guericke.  80,  85,  88 

llailley,  324 


Haecker,  135 

Haldat,60 

Halley,  139 

Halfike,  252,  256,  271 

Hankel,  194 

Hansteen,  140 

Hartmann,  140 

Hefner-Alteneck,  252,  319 

Helmholte,  19,  262,  309,  380 

Hen^y,  182 

Henry,  97 

Hering,  380 

Heron,  89 

Herachel,  335,  346 

Hertz,  369,  370 

Him,  19, 127, 131 

Hittorf,  270 

van  t'Hoff,  105 

Hofmann,  120 

Holtz,  190 

Hooke,  52 

HuggioB,  355 

Hughea,  281 

Hamboldt,  A.  v.,  290 

Huyghcns,  43,  351,  353,  364 

Jablochkoflf,  252 
Jacobi,  209,  212 
Jansen,  334 

Jolly,  45,  52,  C4,  104,322 
Joule,  19,  127,  234 

Kater,  43 

Kepler,  44,  329,  335 

Kerr,  368 

Kienm^er,  180 

Kirchoff,  232,  343 

Kleist.  182 

Koenig,  R.,  296,  304,  .W9 

Kohlrausch,  P.,  253,  266,  280 

Kohlrausch,  B.,  181,  192.  283 

Kopp,  124 

Kroeoig,  129 

Kuehne,  371 

Kundt,  194,  298 

Lane,  183 
Langley,  230 
Laplace,  124,  244,  290 
Laurent,  367 
Lavoisier,  124 
Leclancli6.  205,  228 
T^ibniz.  18 
Leidenfrost,  115 
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JjODiinl,  '270 

Lenz,  238.  201 

Leslie,  111* 

Liclitcnbei^,  15fi.  1811 

Liebig,  78 

hipperahoy,  335 

Lippmann.  Zft'i 

LiBsojoiiH,  303 

Listing,  37'2 

liockycr,  355 

Lommel,  88,  '241,  Ub,  34G,  349 

Luedtgc.  -281 

LiJlin,  1«2 

Lu villi,  Vii'A 

)lach,  284 
MaluB,  3I>3 
Marcus,  237 
Mariotte,  82,  81) 
Maruni,  100 
Marx,  366 
Maskelyne,  45 
Mattcucci,  180 
Maxwell,  283.  370 
Mayer,  Kob.,  19, 127,  129 
Mcidingor,  205,  228 
Meiae,  286 
Mclloni,  237,  347 
MelsGiis,  193 
Mendolejeff,  122 
Wcyer,  Vict.,  120 
Mittichcrlich,  31)7 
Mohr,  51,  C4 
Moutgolfier,  88,  91 
Morse,  247 
Mooseon,  109 

Nattorer,  122 

Ncnmaim,  124,  125, 202 

Newton,  13,  45,  40.  290.  :t24.  335, 

351,  360 
Ntcboison,  66 
Nicol,  364 
Nobili,  210,237 
Noc,  237 

Noeiremberg,  305 
Mormanu,  140 

Oersted,  71,  122.  213 

Ohm,  G.  R.,  224,  226.  IMJ.  .173 

Oppel,  379 

I'ocinotti,  271 
Papin,  114 


Pascal,  60 

Peltier,  238 

Perry,  283 

Petit,  2, 101, 124 

Petrina,  255 

Pfeffer,  105     ' 

Pictet,  122 

Kxii,  271 

Plants,  220 

Plateau,  73 

Pluecker,  270 

Poggendorf,  216,  225,  322 

Pohl,  206 

Porta,  317 

Pouillet,  217 

PrevoBt,  126 

Prony,  56 

Qniacke,  47,  305 
Quintenz,  33 

Raoull,  109,  113 
Real,  60 
R&umur,  99 
Regnanlt,  82, 124 
Reich,  45 
Beichenbach,  70 
Rheita,  336 
Richer,  41 
Richroann,  124 
Ricss,  182 
Ritchie,  251. 319 
Hitter,  203, 207, 220 
Robenal,  33 
Roemer,  320 
RocDtgen,  270 
RogGt,255 
Rose,  109 
Rosse,  Lord,  335 
Rowland,  358 
RuhmkorK  206,  269 
Rumford,  319 
Ratherfotd,  99 

Saussnre,  121 

Savart,  243, 292,  367 

Scheibler.  294 

Scheiner,  373 

Schmidt,  70 

Scbott,  342 

Schackert,  272 

Schweira^r,  216 
i  Schwonl,357 
!  Schyrl,  336 
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Scott,  304 

Seebeck.  237,  292 

S^:ner,  09 

Scrriii,  252 

Siemens,   W.,    188,  2?4,    2W,  252, 

256.  271,  272 
Six,  99 
SnelliuH,  32ti 
Solmcke,  193 
Soley,  367 
Sprengel,  85 
Stefau,  125 
Steinhcii,  247 
Stflviii,  (iO 
Stokes,  346 
Stroemer,  9!> 
Sturm,  290 
Solzer,  207 

Tartini,  307 

Thides,  150 

ThomsOD,  J.,  283 

ThomBon,  W.,  130,  190, 192.  283 

Toepler,  190 

Torricolli,  C8,  81 

Tycho,  44 

T^ndall,  291 


I   Ventzkc,  367 
1  Vernier,  2 
:  Volta,  181,  197,  202 
Vos8,190 

van  der  WaaiK.  10i> 

Wagner,  248 

Weber,  E.  H..  284 
;   Wobcr,  W.,  246,  247,  25ti.  276,  282. 

283.  284 
■   WhealBtonc,  188,  225,230,247,  333, 
375,  .379 

Wiedemann,  K..  346 

Wiedemann,  (i.,  125,223 

Wiener.  361 

Wild,  367 

wake,  17!i 

Wimshiirnt.  19l» 

WollaatoM.  47,  119,  326 

Wood,  10!l 

Young,  351,  m> 

Zamboui,  2U.'I 
Zebndur,  370 
Zoellner,  379 
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Aberration,  cliroiiintic,  '.U'2 

,  spherica),  333 

.  stfillar,  320 

Al)Bo1ute  hardness,  51 

measiires,  125 

iDoiBture,  humidity,  liil 

HyBtem  of  units,  28,^ 

temperature,  105 

Absorption,  coefficient  of,  1'7 

of  gases,  97 

of  heat,  12fi,  347 

of  light,  343,  35C 

spectrum,  343 

Acceleration,  8,  9, 10 
Accommodation,  373 
Accumulators,  220 
Achromatism,  342 
Acoustics,  287 
Actinic  rays,  349 
Action  of  pointH,  Itil 

,  secondary,  207 

,  solid  electro  Ij-tic,  210,  21 1 

Adhesion,  50,  72 

Adiabatic,  124 

Adsorption,  H7 

Aerostatics,  711-97 

AGBnity,  50 

-A^ezatioD,  conditiouK  of,  I2K 

Air  balloon,  88 

chamber,  flit 

gim,  80 

■ pumps,  85 

Air- thermometer,  104 

,  electrical,  182 

Alcoholometer,  CO 

Alternating  currents,  2Kt 

Altitude,  barometric  measin-omeiit  of. 

83 
Amalgam,  Kienmayer's,  180 


Amalgamation,  205 
Ammeter,  253 
Amorphous,  54 
AmpSre,  229 
AmjAremeter,  229 
Ampere's  lavs,  254 

rule,  214 

Amplitnde,  40 

of  vibration,  40 

Anoglyptoscope,  379 
Analysis  of  sounds,  .'109 

,  spectral,  344 

Analyzer,  309,  365 

Aneroid,  81 

Angle,  of  contact,  74 

,  of  friction,  56 

,  of  repose.  56 

,  of  alone,  56 

.Vn^lar  velocity,  38 
Anion,  207 
Anisotropic,  364 
Anode,  207 

Anomaly  of  water,  102 
Antinode,  286 
AiitirrheoK^ope,  379 
Aperiodic,  279 
Aplaiiatic,  .^2 
Apochromatic,  342 
Apparent  expansion,  101 

size,  371 

Arbor  Natumi,  207 
Archimedes'  law,  63 
Arc  lamp,  252 

light,  236 

Armature,  135 
.\rteaian  well,  69 
Astatic  needle,  1.% 
.Vthermanons,  athermal,  347 
Atmospheric  elcctrici^,  193 
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Atmo^beric  lines,  344 

preasare,  appIicadoDB  of,  ^ 

reflecdon,  327 

refrectioD,  S2G 

Atom,  48 
AUiniic  huat,  124 
Attmction,  clectrica],  150 

,  gfin&ral,  45 

,  niagnttic,  132 

AtwrMjfl'n  machine.  7 
Av(^pulro'Blaw,  120,  129 
Axis,  free,  54 
,  optical,  364 

Itabinet'if  principle,  357 
BaUtDCe,  33 

,  electric,  192 

— -,  hydroBtatic,  63 

,  spring,  52,  64 

,  water,  59 

Ballifltn,  52 
Ballistic  cnrre,  15 

galvanometer,  265 

Barker's  mill,  69 
Barlow's  wheel,  243 
DaroniBtcr,  81 

,  sJiorteiicJ,  81 

iSarometric  forniiilfli,  83 

teat,  84 

Batarian  drops,  51 
riatttry,  electric,  lfl2 

,  yulvunic,  "i')y 

,  aecondary,  220 

,  water,  205 

Beats,  306 
Bell,  electTJc,  249 
BellB,  vibration  of,  3Ul 
Bioml  cryslalj-,  54 
Bifili^r  siiiipeDMLon,  32, 194 

winJiiif;,  'ifift 

lliiiciculur  viflioii,  .474 
Rint-Kiivtirt'a  law,  243 
Black,  126,  343 
Blind  Bpot,  371 
Boiling;,  114 
lloiling  pi)inl,  114 

al>B<t]iite,H4,  122 

rttanled,  U4 

Bole^iyt'.'  ilaskt*,  fil 
Bolometer.  23(f,  347 
Boyle'fl  law,  82 
Brake  ilynamomcter,  66 
Brewiitei'a  law,  .103 
Bridge,  Wheatstone'B,  230 


BrockeD-upcctres,  35!' 
Brush  discnarge,  17rt 
Bunsen's  burner,  313 

e]emtiD[,  205,  ili,  22H 

' fbfttdmet^^r-  319 

water  air-piinsp.  W5 

BuoynncT,  fil 
Biimer,  niin-tenV  S\^ 
Burning  glass.  3.^0 
muTor,  325 

Caloric,  124 
Calorimeter,  1!!.  124 

(,'ftlliera  liicida,  :i26 

otiBcuni.  ?i  1 7 
Capicity  electrical,  llW,  169.  192 

,  beat,  124 

,  indnctive,  IH.'i 

fjflpilliirity,  75 
Capillary  tubes,  75 
Carteflian  diver,  12!> 
Cascade,  184 
*.'atliel«tneLc-l,  101 
Catbion,  207 
Cathode,  'JUT 

light.  270 

ClnuHCic  curvL'.  S25 

lino,  325 

smrface,  325 

Centenimal  balance.  3:^ 

scale,  99 

t'eDtrml  motion,  .'14 
Centre  of  gra\iiy,  ;'K 

,  Jetenniiuiticiii  of.  2X 

of  oBi?illatio(i,  i;i 

Centrifugal  force,  3li 

rii&cliine,  36 

Centripetal  fi^ree.  Sf' 
Clinin,  galvanic,  2U;"i 
CbarRC,    location     of     the    eleetric, 

158 
Charging  piles,  2'iO 
Chemical  action  of  lif^tit.  .'149 

i-onibiiiuliuri  bent  of.  111 
Chimes,  electri.;.  1*' 
Chkdni's  vibration  li,L,'ures.  .HUi 
ChorJ,  2113 
Cboroiile8,37l 
Chromatic  polari/atlon.  ^tlllt 
Clirotiomotfr  lOi) 
rbrciri''isi'<i|".'  vibration,  ;Ht4 
Circle,  dispersion,  336 
Circuit  potential,  226 
Circular  polarization,  iH'>7 
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Uluik's  element,  222,  226, 228 
( ;i««!k,  40,  52 

,  oloctiical,  250 

(losing  cnrrent,  259 

(  oefticient  of  elasticity,  52 

of  espansiou,  100 

of  fricljon,  5C 

of  induction,  262 

of  refraction,  326  I 

of  tension,  157  j 

Coercive  force,  134,  239  i 

Coliosion,  61,  72  .  I 

,  pressure  of,  51,  72  j 

(.'old  of  vapoi-ization,  128 
Collector,  181 
Collimator,  341 
ColloidB.  78 
1  'olour  disks,  376 

rings  in  crystalu,  366 

-,  diBpereion  of.  336 

,  Newton's,  360 

,  transition,  367 

Colours,  complementary,  336 

,  Balmaiu'B,  346 

,  notural,  343 

of  bodies,  343 

of  thin  plates,  360 

I  'ommniiicatiiig  tubes,  59 
(Jommntator.  206 
Compass,  IS'J 
I  'ompensatioQ  method,  231 

pendulum,  100 

Comiiensator,  367 
I  oniplementary  colours,  336 
( 'omponents,  20 
Compressibility,  71 
Compression  apparatne,  58 
Concave  lens,  330 

mirror,  326 

Concert  pitch,  293,  294 
(iondensurs,  86 

,  electrical,  181,  190 

of  steam  engines,  131 

Cundensing  lens,  330 

mirror,  325 

(JonditioDs  of  aggregation,  128 
Conductivity  for  electricity,  151,  154, 

223 

for  heat,  125 

Conductor  of  electricity,    151,  164, 

208 

of  heat,  125 

Conjugate  points,  325,  330 
planes,  332 


Consonance,  293,  301( 
Constant  elements,  222 

of  gravitation,  45 

Contact  electricity,  2(Mt 

series,  198 

Convection,  125 
Convex  lenses,  330 

mirrors,  325 

Cords,  vibration  of,  299 
Cornea,  371 
Corpuscular  theory,  3.^1 
Coulomb,  212 
Coulomb's  law,  144.  162 
Counter  scales,  33 
Couple,  26 
Court,  359 
Crack,  292 

Critical  temperature,  122 
Crooke's  tubes,  270 
Crystal,  54,  364 

,  biaxial,  54 

,  uniaxial,  64 

Crystalline  lens,  371 
Crystalloids,  78 
Crystallization,  heat  of,  54 
Current,  204 

,  alternating,  259 

,  closing  and  opening,  259,  265 

,  electnc  or  galvanic,  2ftt 

,  heat  of,  234 

,  lines  of.  233 

meter,  229,  253 

strength,  204,  246 

Dalton'slaw,  96 
Damping,  279 
Daniell's  element,  205 

hygrometer,  66 

Dark  chamber,  317,3.^1 
Daaymeter,  88 
Decimal  balance,  33 
Declination,  139 

,  magnetic,  139 

Decomposition  of  water,  205 
DeHectioD  of  the  magnetic  needle, 

139,  213 
Degradation,  130 
Delayed  freezing,  109 
Densimeter,  >^\ 
Density,  64 

,  electrical,  169 

of  gases    and    vapours,    108, 

120 
of  the  eortli.  45 
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Depression  of  the  meldng  point,  109 
Uctc-Lmirmtioii     of     the     centre     of 

gravity,  28 
Dew  point,  151 
1  liiihetoTii'JtGr,  357 
Dialysis,  m 
DiamagiietiRm ,  iHi 
DifltlicriDnl,  .flT 
DiBtlierniarii.tiit<,  Ail 
Hichroiam.  .'i'i4 
riiel'Oclrics,  HIT 
Dielectric  conatant,  185 
Differeuce  tone,  3OT 
DilTi-'rentin]  liiiufi,  "252 

pulley,  31 

DllTnictimi.  S57 
Diffusion  orgftsoB,  B6 

of%hi,  314 

iif  liquida.  77 

Uilatometer,  101 
Dinienaion,  11,  262 
1  iiniorj>lioiifi,  S4 
niiwhargi*.  17M 

,  oecillntor)',  188 

Diechs^r,  182 
DippereioD,  33fi 
Diseipntiou,  KW 
Dissonance,  306 
Distance  of  vision,  ;t73 
Dietillation.  118 
DLgtiibutiiin,  clei-tiical.  171 
Disturbances,  Binicnciii:,  14li 
Diver.  L'artepiflu, 'h8.  }-2f) 
Dividing  wsifio.a^ 
TtinnK  bell,  87 
Divisibility,  47 
l>op]iler"s  principle,  -liV' 
linuble  pirtio,  ;ili7 

Tclrflctioii,  3il4 

Dpinimoml's  ligiit,  -Uit 

I'n-  eicli«»t.  203 

— ^  pUe,  '-W 

DulwnK-Pelit  law,  Vii 

Duration  of  light  iiiipref«ioii,_;i7ti 

Dynamo-electric  nidcliini.'.  'ii'l 

Diiinnioraptcr,  f>2 

,  i'Touv's,  6t> 

Dyne,  12   ' 

Kar,  M-l 

Karth  cireuit,  247 

iniiuotor.  "_'7<i.  :!i7 

Ehli.  4(: 
Kbitllition,  114 


Echo,  291 
Effect,  17 

Efflux  of  gascBf  92 

of  liouida,  67,  68 

EtTuBion,  129 
P.'^,  electrical,  178 
ElaGtieity.  52 

,  coefEcioiit  of,  52 

,  modulus  of,  62 

ElssU'c  reaction,  62 

vi  Illation  a,  53 
Electricftl  Imlfltict,  192 

chimes,  180 

diatributioD,  159 

figures,  189 

glow,  178 

machine,  177 

odour,  191 

iinitB,  283- 

- — -  vibrations,  188,  363 
Electric  are,  2a5 
Electrification,  150 
Klectro-chemica]  oqui7alenl,212 
Electiodes,  190,  302,  2i>7 

,  noii-jwlftrizinp,  221 

Electrtniy II  amies,  254,  255 

Elect  Tcdyjia.mometer.  25fi 

KlectrolysiE,  207,211 

ElectTol>-te,  207 

E]eftroI>1  ic  lawe,  210 

Kloct  TO -magnet,  2,^ 

Electro -magnetic  ma-cliines.  24"J 

theory  of  lU^hu  3'0 

ElecCro-metaUnrg)',  2139 
Electroineter,  192 
ElectTO-motor,  251 
Elei'trumotive  force,  201,  -i&i 
Kleclrophorus.  179 
Eluctro-plntiaf^.iOS 
Eleetroecope,  176 
F.leelrostatii"  pressure,  160 
Electro- 1  he  rraoraetcr,  182 
Wemcnlfi,  49,  205.  222 

,  cbemii4l,  49.  203 

,  galvanic,  205,  228 

of  lerrestrial  ma^ieli^m.  142 
Emanation  theory,  551 
Erais-sion,  ^56 

thporj-  A^l 
End  osmose,  78 
Energ\-.  18,  19,  55,  170 

of  motion,  18 

of  solar  radiation,  35(( 

Ijitropy,  130 
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Equator,  magnetic,  141) 
£<iuilibrium,  20,  21,  32 

,  dynamic,  166 

,  figures  of,  73 

>/]iiipoteDtial  Hurfoci?!*  and  lines,  145, 

1(14 
Kqiiivalent,  chemical,  210 

' ,  electro-chemical,  212 

of  heat,  127 

Krg,  234 

Ether,  351 

Evaporation,  112,  ll!l 

Exosmoee,  78 

Expanaion,  79,  100,  101.  103,  131 

Expansive  force,  101 

Extract  press,  58 

Extra-current,  264 

Eye,  371,  372 

Eye-CKtimate,  371,  .{73 

Fall,  5 

along  an  inclioed  plane,  21 

ofpotoDtial,  16ft 

,  tube.  U 

Fara.1,  283 
t'araday'u  nile,  '261 
Faradizing,  267 
faia  Toorgana,  327 
Field,  electrical,  164 

,  magnetic  241 

of  view,  336 

,  Btrength  of,  Ii>4 

Field-glsjw,  a35 
Fire-engine,  90 
Fire  producer,  !)7 
Flotation.  65 
Fluorescence,  34.1 
Focal  distance,  325.  1^) 

plane,  325,  330 

FoeuH,  325.  S.'JO,  .^134,  .3.% 

Force,  5,  23,  27 

Force,  electromotive,  201.  202,  283 

,  living,  18 

of  impact,  55 

pump,  86 

Foucault's  currentd,  27K 

pendulum,  41 

Franklin's  tablet,  182 
Fraunhofer's  lines,  340 
FreesiBg  mixtures,  110 
Frequency,  294 
Fresnel's  mirror,  351 
Friction,  56 
aerien,  157 


Fricdonal  electricity,  132 
Fulgurite,  193 
Fundamental  tone,  292 

Galvanic  battery,  205 

current,  204 

Galvaniam,  196 
Oalranocansdce,  234 
Galvanometer,  216,  217,  218 
QalvanopfasticB.  2(>9 
GalvanoBcope,  215 
Oases,  efflux  of,  92 

,  kinetic  theoiy  of,  129 

Gas  harmanica,  296 

meters,  96 

Gasometere,  94 
Gay-LuBsac'B  law,  105,  106 
Geisaler's  tubes,  270 
Glass,  hard,  52 

pile,  363 

tears,  51 

Goniometer,  322 
Gram,  6 

Gramme's  ring,  271 
Grammophone,  31 1 
(irating,  358 
Gravitation,  45 

,  constant  of,  41,  45 

Gravity,  5,  41 

,  centre  of,  28,  61 

,  gpecific,  64,  108, 120 

Greatest  distance  of  distinct  vision, 

.373 
Gridiron  pendulum,  100 
Grove's  element,  205,  222,  228 
Gyratory  motion,  37 
GjTotrope,  206 

Hair  hygrometer,  121 
Halo,  338 

Hammer,  magnetic,  248 
Hard  glass,  51 
Hardness,  51 

,  relative,  51 

Hearing,  311 
Heat,  98-131 

capacity,  124 

conduction,  125 

,  latent,  bound,  119, 128 

,  mechanical  equivalent  of,  127 

,  mechanical  theory  ofi  127, 128, 

129,  130 

of  chemical  combination.  111 

of  crystallization,  111 

2  U 
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Heat  of  ovaporatioQ,  ll'J 

of  solution,  76, 110 

ttf  the  current,  234 

of  vaporization,  117 

radiation,  126 

,  specific,  124 

nnit,  134 

Hefner's  lamp,  319 
Heliostat,  322 
Henry's  law,  97 
Hero's  ball,  90 

fountain,  90 

Heterotropic,  364 
High  pressure  engine,  131 
Hollow  prism,  329 
Holostenc  barometer,  81 
Homt^neone  field,  145 

%bt,33S 

Horizontal  intensity,  141 
Horac  power,  17 
Hnmidity,  121 
Huyglien^  principle,  353 
Hydraulic  press,  58 

raro,  91 

Hydroelectrical  machine,  180 
Hydrogen  thermometers,  104 
Hydrometer,  constant  volume,  66 

,  constant  weight,  66 

Hydrostatic  balance,  63 
Hygrometer,  121 
Hygroscope,  122 
Hygroscopic,  97 
HypBomouieter,  114 

Ice  calorimeter,  124 

Image  through  small  apertiue,  317 

^— ,  real,  325,  330 

,  virtual,  325,  330 

Impact,  55 
Impenetrability,  47 
Impulse,  16 
Incandescent  lamp,  234 
Inclination,  140 

apparatus,  140 

Inclined  mirrors,  323 

plane,  21 

Induction,  149,  172,  175,  258 

,  coefficient  of,  262 

Indnctive  capacity,  185 
Inducing  apparatus,  190,  26S 
Inductor,  190,  268,  269 
lucrtia,  12 

,  moment  of,  39 

Inflection,  357 


Influence,  electrical,  171 

,  magnetic,  149 

machine,  190 

Infra-red,  346 
Insulation,  152 
Insulator,  152,  182 
lDt«nsity,  magnetic,  141,  148 
Interference,  285,  351 
Intermittent  fountain,  89 
Interval,  293 
Ion,  207 
Iris,  371 
Irradiation,  378 
Isochromatic  cnrves,  360,  3i>i> 
laochronism,  40 
Isoclinica,  140 
Isodynamic  lines,  141 
Isogonals,  139 
iBotbennals,  123 
Isotropic,  364 

Jar,  KleUfs,  182 

,  Leyden,  182 

Jars,  measuring,  183 
Joule's  heat,  238 
law,  234 

Ealeidophoue,  303 
Kaleidoscope,  323 
Kepler's  taws,  44 
Key,  247 
Kilogram,  6 
Kilogramraeter,  17 
Kinetic  energy,  19 

of  gases,  129 

Kinetic  theorj'  of  gases,  1211 
KirchhotTs  law,  343 

proposition,  232 

Kit«,  27 

Franklin's,  193 

KIcist'sjar,  182 

Lamallated  magnet,  13.'i 
Lamp,  arc,  252 

,  differential,  252 

,  Hefner's,  319 

,  incandescent,  234 

,  lime,  313 

UtcDthcat,  119 

of  melting,  109 

Law,  Lenz's,  261 

of  Archimedes,  6.1 

of  areas,  44 

of  gas  volumes,  107 
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Law,  Volta'9,  199 

Laws  of  motion,  7,  8,  13,  21 

,  Kepler's,  44 

Lead  tree,  207 

Leidenfro^'s  experiment,  1 1.1 

Lens  system.  332 

,  cryslalline,  371 

Lenses,  330 

,  achromatic,  342 

Lena's  law,  2fil 

Level  mirface,  145 

I. ever,  29 

Lejden  jar,  182 

Liehtenberg's  figures,  189 

Light,  313-380 

,  diffusion  of,  314 

,  northern,  142 

,  velocity  of  propagation  of,  31fl, 

320 

Liglit- electrical  diecharge,  3C9 

Lightning  rod,  193 

tubes,  270 

Lime  light,  313 

Lines  of  curreat,  232 

of  force,  electrical,  164 

,  ma^etic,  220 

Liquefaction  of  gases,  122 
Liquid,  57-78 

lilniB,  73 

Liquids,  diffusion  of,  77 

,  efHiix  of,  67,  68 

Lissajous'  figures,  303 
Locomotive,  131 
Longitudin^  vibration  s,  284 
Lover's  telegraph,  287 
Low  pressure  engine,  131 
Luminescence,  346 
Luminous  colours,  34tf 
Lunar  eclipse,  31C 

Machines,  31 
Magazine,  magnetic,  135 
Magdeburg  hemispheres,  80 
Magic  lantern,  330 
Magnesium  lamp,  313 
Magnet,  132,  135 
Magnetic  field,  145, 241 

induction,  influence,  134, 260 

lines  of  force,  145 

moment,  146 

pole,  132 

saturation,  134 

sliells,  145 

Magnetism,  132-149,  257 


Magnetism,  terrestrial,  137 

Magnetization,  136 

Magnetometer,  143 

Magnification,  335 

Magnifier,  334 

Manometer,  71,  84,  88 

Manometric  flame,  296 

Matter,  1,  128 

Mariotte'a  flask,  89 

law,  82 

I  Mariotte-Gay-Luasac's  law,  105,  106 

]  Mass,  11, 12 

:  Maximum    and    minimum    thermo- 

'       meters,  100 

I  Measures,  absolute,  125 

Measuring  jars,  183 
i  Mecbanical  tlieory  of  lieat,  127-130 
'  Mechanics,  3-48 
;   Melting  point,  109 

Meniscus,  74,  75,  330 
'  Mercurial  air-pump,  85 
j  Mercury  showers,  80 
I  Meridian,  magnetic,  139 
;  Metacentre,  65 

Metallic  barometer,  81 

thermometer,  100 

Meter,  2 

Method  of  multiplication,  276 

Micrometer  screw,  22 

Micron,  2 

Microphone,  281 

51icro8cope,  334 

Minute  jumper,  250 

Mirage,  327 

Mirror,  321,  325 

raJvanometer,  216 

Modnlus  of  elasticity,  62,  2!'9 

ilolecular  forces,  50 

beat,  124 

magnets,  133 

weight,  48 

Molecule,  48 
Moment,  26,  29 

,  magnetic,  146 

of  inertia,  39 

Momentum,  IC 

Monochord,  299 

.tlontgolfier,  88 

Motion,  3,  4,7,  13,20,  21 

Mouth  pipes,  296 

Iklultiplier,  216 

^lusical  temperament,  293 

Natural  coIoqtb,  343 
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Nearest  point  of  distinct  TisioD,  373 
Newton's  colour  rings,  360 
T^col's  prisni,  364 
Node  lines,  301 

points,  332 

Nodes,  286,  296,  299,  301 

of  vibration,  286,  296,(299.  3(H 

Noise,  292 
Nonius,  2 

Normal  BpectmtD,  339 
Northern  lights,  142 

Objective,  334,  335 
Occlusion,  97 
Octave,  293 
Ocular,  334,  335 
Ohm,  224 

Ohm's  taw,  226, 227 
Opening  current,  259 

spark,  235 

Opera-glass,  335 
C^tical  axis,  364 
Optics,  313-380 
Orbit,  3 
Osdllation,  53 
Oscillatory  discharge,  188 
Osmose,  78 
Osmotic  pressure,  78 
0  Vermel  tmg,  109 
Overshot  wheel,  70 
Overtones,  292,  293 
Ozone,  191 

I'achj-bope,  227 
Papin's  digester,  114 
Paradox,  hydrostadc,  60 
Parallax:.  104, 318 
Panitlel  forces,  25 

plates,  328 

Parallelogram  of  forces,  20 

of  motion,  20 

Partial  tones,  293,  294 
Patli,  3 

Peltier's  lieat,  238 
Pendulum,  40,  42,  43,  10<t 

,  electrical,  153 

Perception  of  colour,  380 
Pci'cussion  machine,  55 
Performance,  17 
Perspective,  335 
PhtBuakistoscope,  377 
PhnntoBCope,  377 
Phase,  284 
Phonantograph,  304 


Phonograph.  311 

Phosphorescence,  346 

Photography,  349 

of  colours,  362 

Photometry,  319 

Piezo- electricity,  1!I5 

Piezometer,  71 

Pile,  dry,  203 

,  voltaic,  202 

,  Zaraboni's,  203 

, electro8co|)e,  20;t 

Pipes,  moutli,  296 

,  reed,  302 

,  Pipette.  89 

j  Plane,  inclined,  21 

I   of  vibration  of  tight,  36it 

I  Planctar]'  motions,  44 
;  Plate  magnet,  132,  133 
I   Platform  scales,  33 
!   Pluecker's  tubes,  270 

Plumb  line,  5 

Plunge  batterj-,  ZO.^ 

element,  205 

.  Pneumatic  fire  producer,  97 

trough,  93 

Pointer  scales,  33 

Point,  melting,  109 

PolarimicTosco]>e,  36.'i 

Polariseope,  305,  367 

Polaristrobo  meter,  367 

Polarization  of  light,  30;( 

,  cliromatic,  366 

,  circular,  rotatory,  31)7 

,  dielectricnl.  186 

,  galvanic,  219 

Polarizing  angle,  3t),'i 

apparatus,  363,  364.  365 

plane,  3C7 

Pole,  magnetic,  132 

of  the  voltaic  jiilo,  20-J 

strength.  M\ 

Poles,  132,  137 

Porositv,  47 

Potential,  164. 192 

enei'gy,  19 

.fall  of,  165 

upon  itself,  170 

Power,  transmission  of.  273 

I'reoesflion,  37 

Press,  hydraulic,  58 

Pressure,  6 

.  electrostatic,  H!" 

- — -  of  cohesion,  72 

of  gases,  90,  92 
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PrcKsuro  of  liquids,  58 

of  vapoure,  112 

,  osmotic,  105 

,  transmiBsion  of,  88 

Principal  pknes,  points,  332 

section  of  crystals,  3(14 

of  prisms,  329 

i*rinciplc  of  independence,  13 
l*rism,  acliromatic,  329 

,  direct  vision,  342 

,  Nicol's,  3C4 

,  reflecting,  326 

Projection,  14,  15 
Prony's  djTiamomcter,  56 
Prototypes,  2,  6 
I'seudoscopy,  379 
Psychrometer,  121 
PnUe  hammer,  114 
Pullev,  30 
l>amps,  89 

,  air,  86 

,  force,  86 

,  Sprengel's,  85 

,  suction,  89 

Pupil,  371 
Pytnomcter,  64 
Pyrheliometer,  350 
Pyroelectricity,  194 
Pyrophorons,  97 

Quadrant  electrometer,  192 

electroscope,  182 

thermometer,  100 

Quality,  309 

of  vocal  sounds,  310 

Quantitv  of  electricity,  \btt 

of  motion,  16 

Quick  solder,  109 

Radiometer,  348 
Radius  vector,  34 
Rainbow,  337 
Ram,  hydraulic,  91 
Reaction,  tiO 

,  elastic,  52 

Reading  with  mirror,  33. 1 43, 217, 322 

iteal  images,  325,  330 

Real's  presN,  60 

Receiver,  247,  279 

Reciprocity,  law  of,  3211 

Rodnced  eye,  372 

Reduction  factor,  218 

of  barometric  height.  81.  H2 

Reflected  scale,  33,  Ul,  217,  322 


Reflecting  {goniometer,  323 

prism,  320 

telescope,  335 

Reflection,  291,  321,  327,  354 

,  diffuse,  314 

,  total,  326 

Heflector,  325,  335 
Refraction,  354 
Refractor,  335 
Relation,  109 
Relative  hardness,  51 

humidity,  121 

Relay,  248 
Repose,  angle  of,  56 
Residual  chaise,  187 

discharge,  187 

Resistance,  223,  266 

,  unit  of,  224 

Resonance,  308 
Resonator,  308 
Rest,  real  or  alwohite,  3 

,  relative,  3 

Iteeultant,  20 

Retardation  of  boiling.  109 

Reticle,  33.'> 

Retina,  All 

Retnm  sliock,  193 

Revulsion  of  the  si)cctra,  343 

Reversion  i>enduluni,  43 

Rheochonl,  225 

Rbeomcter,  21lj 

KbeoBCopc,  215 

Rheostat,  225,  279 

Rheotome,  259 

Richmann'K  rule,  124 

Rigidity,  51 

RingB,  Newton's,  3G0 

Roentgen's  raj-s,  270 

Rotating  current,  275 

Rotation  of  plane  of  polarization,  3C7 

,  magnetic,  368 

Rutatorj'  magnetism,  278 
polarization,  367 

Kaccltarimcter,  367 
Safety  lamp,  125 
Saturated  vapours,  112 
Saturation,  d^^ree  of,  112 

,  pressure  of,  112 

Savart  s  wheel,  292 
Scale,  293 

,  centesimal,  9\\ 

—,  hydrometer,  6)! 
pan,  33 
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Scales,  counter,  33 

,  platform,  33 

Sclerotica,  371 

Screens,  electrical  effect  of,  174 

Screw,  22 

get,  slow  motion,  22 

Second,  2 
Secondaiy  aotJon,  207 

battery,  220 

Seconds  pendolum,  41 
Selective  absorption,  343 
Self  induction,  264 

ioterrupter,  248 

pot«ntiBl,  170 

Semi-obscuration  apparatus,  367 

Sextant,  324 

Shadow,  316 

Shells,  magnetic,  145 

Sliock,  16,  55 

ShoTtened  barometer,  81 

Shunt,  229 

Shuntbg,  229 

Siemen'fl  unit,  224, 226 

Signal  key,  247 

Sine  Qlectromet«r,  192 

galvanometer,  217 

Sinusoid,  284 
Siphon,  89 

flask,  90 

Siren,  292 
SkiopUcon,  330 
Sling,  36 

Slope,  angle  of,  56 
Sodium  flame,  344 
Solar  eclipse,  316 

microscope,  330 

radiation,  350 

-^ — -  spectrum,  340 

Solder,  quick,  109 

Solenoid^  240 

Solids,  47-56 

Solution*!,  heat  of,  7C,  HO 

Sound,  velocity  of,  287, 288,  289, 290 

Spark,  electrical,  177 

— — ,  galvanic,  235 

Si>arking  inductor,  269 

Spark  micrometer,  182 

SiMjaking  tube,  291 

Specific  gravity,  64,  93,  108,  120 

heat,  124 

volume,  64 

S|iectacles,  373 
Spectral  analysis,  344 
apparatus,  343,  344 


Spectral  tube,  344 
Spectrometer,  341 
Spectroscope,  342,  344 
Spectrum,-  339 

,  normal,  339 

-,  reversion  of^  344 

Spherical  aberration,  333 

mirror,  325 

Sphcrometer,  22 
Spraying  bottle,  90 
SprengeTs  pump,  85 
Spring  balance,  52,  64 
Stability,  32 
Steam  engine,  131 

,  condenser  of,  131 

Steelyards,  29 
St.  Elmo's  fire,  178 
Stereoscope,  375 
Stethoscope,  291 
Storage  battery,  220 
Strength  of  field,  164 
Striking  distance,  180 
Stroboscope,  377 
Sublimation,  118 
Suction  of  points,  173 

pump,  89 

Summational  tone,  307 

Sun  dogs,  338 

Superheated  vapour,  116, 123 

Superposition,  285 

Supporting  power  of  magnets,  135 

Suri'aces  of  level,  equipotential,  145, 

164 
Switch,  206 
System  of  lenses,  332 

Tangent  galvanometer,  218 
Tangential  motion,  34 
'L'artini's  tones,  307 
Telegraph,  lover's,  287 
Telegraphy,  247 
Telephone,  280 
Telescope,  335 

,  reflecting,  335 

,  refracting,  335 

Telluric  magnetiHtn,  137 
Temperament,  muucal,  293 
Temperature,  98 

,  al«olute,  105 

,  critical,  122 

coefficient,  223 

fall,  125 

Tension,  164 

,  coefficient  of,  157 
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Tension  meter,  22!),  2;'(;t 

ofga8oa,78 

of  vaponrs,  11,^ 

,  aeries,  thermoeleclric,  237 

,  Volta'g,  199 

Terrestrial  magnetism,  137 

telescope,  335 

Thaumatrope,  376 
Thewlolite,  143,  335 
Theorj-,  emanation,  351 

.  emission,  351 

,  undulfttory,  351 

of  lieat,  mechanical,  127,  128 

129,  im  •       >       , 

of  liglit,  electromfignetio,  370 

of  magnetism,  207 

Thermoclirofie.  3-17 

niermo-elcctricity,  237 

Thermo-element,  237 

Thennometer,  99,  100,  104 

quadrant,  100 

Thennometrograph,  99 

Thennomiiltiplier,  347 

Thennopiie,  238 

Thennoscope,  98 

'ITmndor,  193 

— ; —  Btomi,  193 

Tide,  ebb  and  flow  of  tlie,  4C 

Tone,  pitch,  292.  293 

meter.  300 

Torricelli's  principle,  67 

vacimra,  81 

Torsion,  51,  56 

balance,  52,  162 

electrometer,  192 

Total  reflection.  320 

Tounnaline,  363,  364 

pincette,  365 

Tourniquet,  69 
Train  of  jars,  184 

of  pulleys,  30 

Transition  colonr,  367 
Transformer,  274 
TranHmission  of  power,  273 
Transmitter,  281 
Transparency.  315,  352 
Transverse  vibrations,  284 
Tri!)onietflr,  56 
Tul«,  Zehnder's,  370 
Tubes,  Kundt's,  298 

,  Kpectral,  344 

Tuning,  294 
INiningfork,  300 
Tnrlirie,  69 


Ultra-red,  346 

violet,  345 

Undercooling,  109 
Undershot  wheel,  70 
Undulatory  theon-.  351 
Uniftsial  crystals,' 54 
Units,  heat,  109 
— ;-,  electrical,  283 
Universal  gah-anometer,  230 
Unpolftrizable  electrodes.  221 

Vapour,  112 

,  density,  120 

saturated,  112 

Vaporization,  112 

cold  of,  117 

heat  of,  U7 

Variations,  magnetic,  142 
Velocity,  4,  9,  38,  46 

of  electrical  waves,  370 

of  light,  316,320 

——of  propagation   of  eleclricity, 
loo 

——  of  sound,  287,  288,  289,  290 

Vma  eontracla,  67 

Vernier,  2 

Vibration,  297,  299,  300 

,  chronoacope,  304 

forms,  309 

Mbrations,  elastic,  297,  300 

electrical,  370 

of  bells,  301 

Vibrt^raphy,  304 
Virtual  images,  325,  330 

work,  velocity,  moment,  3 1 

Vision,  Binocular.  374 

Kreatest  distance  of  distiiii't  .'173 

Visual  angle,  318 
Via  viva,  18 
Volt,  226,  263.  283 
Voltaic  induction,  259 
Voltameter,  212 
Voltamptire,  234 
Voltaic  pile,  202 

tension  series,  199 

Volta's  law  of  potentbl,  199 
Voltmeter,  253 

Volume,  determination  cf,  107 
Volumeter,  66 

Wash  bottle,  89 
Water  air-pump.  85 
balance,  59 
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Water  battery,  iOS 

hammer,  1 1-l 

influence  machine,  1311 

motor,  70 

waves,  281 

wheel,  70 

,  decompoution  of,  "iO/l 

Watt,  234 

Wave  length,  284,  -Jfto,  a^J 

mactiine,  284 

surface,  284 

trough,  284 

Waves,  284 

Btationaiy,  28li,  361 

progroafiive,  28G 

Wedge,  24 
Weight,  6 

of  the  air,  80 

Bpoeific,  64,  108,  120 


Weight,  thermometer,  104 
Wells,  89 
WeUing,  73 

WheatBtone's  bridge,  230 
Wheel  and  windlass,  i^ 

,  Barlow's,  242     " 

breast,  70 

overshot,  70 

undershot,  70 

Whirligig,  electrical,  ICl 
Winding,  biiilar,  266 
Work,  17,  128 

Yellow  spot,  371 

Zamboni's  pile,  203 
Zehnder's  tube,  370 
Zoetrope,  377 
Zone,  neutral,  171 
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